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0.1 Abstract 
Novel Polymer-Supported Reagents for Asymmetric Catalysis 
5uzanne Maddocks 
We have developed polymer-supported ~-aminoa1coholligands for use in the 
asymmetnc additton of diethylzinc to benzaldehyde Linear serine and threonine-
denved polymer-supported ligands have been synthesized and tested, and several 
serine-derived aziridine ligands have been synthesized and tested. Polymer-supported 
analogues of these aziridme ligands have also been developed (Scheme i) 
R, OR' 
~H _N_() __ P_!h_Ph-l~" 
V Et,Zn 
OH 
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Scheme i 
During the use of these aziridine ligands in the additIOn of diethylzinc to 
benzaldehyde, substrate-dependent positive nonlinear effects were observed The 
effect of product inhibition to decrease the enantioselectlvlty induced in the reaction 
has also been studied, and the elimination of the product inlubition effect by the use of 
polymer supports has been mvestlgated. 
The Imear serine and threonine-derived polymer supported ligands have also been 
developed as epoxidation catalysts, and have been shown to catalyse the epoxidation 
of I-phenyl cyc10hexene with Oxone. 
In addition the aziridine-based hgands have been shown to catalyse the asymmetric 
conjugate addition of diethylzinc to chalcone. 
Page, P CB; Allin, 5 M; Maddocks, 5.J.; Elsegood, M R. J. Chem Soc. Perkin 
TrailS 1. 2002,24,2827 
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0.3 Abbreviations 
'Boc - tertiary butyloxy carbonyl 
Cbz - carboxybeozoyl 
DCCI - N. N. dicyclohexylcarbodiimide 
DCM - dlchloromethane 
DEAD - dlethylazodicarboxylate 
DET - dlethyl tartrate 
DIPT - diisopropyl tartrate 
DMAP - 4 - dlmethylamino pyridme 
DMF - dimethylformamide 
DMP - 2, 2, dimethoxy propane 
DVB - dlVloyl benzene 
e. e. - enantiomeric Excess 
Fmoc - fluorenyl methyloxy carbonyl 
GC - gas chromatography 
h - hours 
HPLC - high performance liquid chromatography 
KHMDS - potassium hexa~ethyldlsilylazide 
mesyl- methane sulfonyl 
mp - melting point 
NMR - nuclear magnetic resonance 
PEG - poly (ethylene glycol) 
PV A - poly vinyl alcohol 
TBDMS - tertiary butyldimethyl sHyl 
TBDPS - tertiary butyldiphenyl silyl 
TBHP - tertiary butylbydroperoxlde 
TF A - trifluoroacetic acid 
THP - tetrahydrofuran 
THP - tetrahydropyran 
Trityl- triphenyl methyl 
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Introduction 
1.0 Asymmetric Synthesis 
The preparation of chiral compounds m enantiomerically pure form is often desirable, 
and several techniques have been developed to achieve this effect. 
o Chrral resolution 
o Asymmetric synthesIs 
o Use of dural bUlldmg blocks. 
Chiral resolution involves the separation of enantiomers of a chiral material, usually 
from a racemic llliXture. The enantiomers may then be separated by mechanical 
means (for example by chiral chromatography) or by chemical means (for example by 
kinetic resolution) These techniques allow access to both enantJomers In some 
cases both enantiomers may be requued, however, where only one is desired, the 
technique of resolutIOn is mefficient, as half the matenal is discarded. 
Asymmetric synthesIs is the use of chiraI material to influence the stereochemical 
outcome of a chiral transformation; that is a transformation in which an achiral mOiety 
in the substrate is converted into a chiral umt m such a way that the two isomers of the 
product are generated m unequal amounts. The chual matenal may be used in either 
stoichiometnc or catalytic quantities, often in a transition metal mediated reaction, 
where the chiralligand may be co-ordinated to the reacting species. This technique 
allows product of high enantiomeric excess (e.e) to be generated from achiral starting 
materials, but rarely produces enantiomerically pure matenal. 
The chiralligands used for asymmetric synthesis are normally required to be of high 
enantiomeric purity. These are often created from naturally occurring chiraI building 
blocks. The term "the pool of chiral compounds" is used for the range of naturally 
occurring optically pure chiral building blocks (for example amino acids and sugars). 
These reagents are readily available, and may be used directly to construct the desired 
6 
compounds or indirectly to produce the ligands that can promote enantioselectivity in 
a chiral transformation. 
Some reactions demonstrate the possibility of carrying out reactions with chiral 
reagents that are regenerated, allowing the precIOus chiral material to be present in 
only catalytic quantities. This is only possible IT the reagent is detached from the 
product during the reaction, i e. before work-up, indicating the reagent is performing 
as-ahgand. 
A complete asymmetric synthesis may incorporate all of these techniques. The 
naturally occurring chiral reagents being used to create a chiralligand that may be 
used in an asymmetric transformation, to produce the enantiomerically enriched 
product which may then undergo chiral resolution to generate the optically pure target 
molecule. 
The following sections describe examples of asymmetric synthesis, taking mto 
account the use of naturally occurring chiral reagents to generate the ligands used, but 
not the resolution techniques. 
1.1 Transition Metal Complexed Chiral Ligands 
In many chlral catalytic systems, the active catalyst is a transition metal co-ordmated 
to one or more chiralligands. These systems take advantage of the ability of the 
transition metals to exist in several oXidation states, and the active catalyst is often 
formed in situ from a stable form of the metal and the chiralligand. Mter the 
enantioselective transformation has taken place, the complex breaks down to allow 
the ligand to co-ordinate to another metal molecule and so allow catalyst turnover. 
Explored here are just a few examples of the use of chiralligands in transition metal 
complexes for common chemical transformations. The formation of carbon-oxygen 
bonds m epoxidation and dihydroxylation, carbon-hydrogen bonds in reduction and 
carbon-carbon bonds in the aldol reaction and the addition of diethylzinc to carbonyl 
compounds are summarized. 
7 
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1.1.1 Epoxidation 
One of the best established procedures for asymmetric epoxidation is that of the 
Sharpless asymmetric epoxidation of allylic alcohols. FITSt reported in 1980. I the 
standard conditions for this transformation were epoxidation by ten-butyl 
hydroperoxide in the presence of titanium isopropoxide and optically pure diethyl 
tartrate as the chiral ligand. The initial system required all the reagents to be present 
in stoichiometric quantities (a few substrates only were found to react with catalytic 
quantities). however. the reaction procedure has since been developed to allow the 
active titanium-tartrate catalyst to be used in catalytic amounts (Scheme 1). 2 
(+)-Diethyl tartrate 
TI(Olpr)4 
~OH •. ~ C!, OH 
7' 'BuOOH ~"'-V~ 
mol. sieve 
DCM 
Scheme 1 
94% e.e. 
The addition of molecular sieve has allowed this reaction to be developed in a 
catalytic version, with only 5 mol% active catalyst requITed for excellent 
enantioselectivity with most allylic alcohol substrates. 3 
The use of catalytic reagents m the Sharpless epoxidation has enabled work-up 
procedures to be simplified. and has also allowed In Situ derivatization to produce a 
practical method for epoxidation of low molecular weight substrates. Although 
derivatization of these volatile. unstable epoxides had been carried out in Situ in 
stoichiometric Sharp less reactions. thiS was practical only for analysis. due to the 
large quantities of isopropyl alcohol and chelated tartrate diester. which prevented 
isolatIOn. 
A simple mechanistic pathway for the ligand exchange sequences involved in the 
Sharpless epoxidation is outlined below (Figure 1). The role of molecular sieve is 
reported principally to protect the reaction from any trace of water. 2 which could 
otherwise reversibly bind to the Iltanium complexes as shown below (Figure 1). and 
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destroy the mechanistic pathway. Sharpless comments that in this case careful 
preparation of reagents and equipment should allow the cycle to be catalytic without 
the use of sieves. but this has not so far been observed. 
Ti(O'Prh(tartrate) 
-
Ti(O'Pr)(allylic alcohol)(tartrate) 
TBHP 
.. Ti(dPr)(TBHP)(tartrate) 
IprOH 
TBHP 
~,==.l!!"'" Ti(TBHP)(ollylic alcohol)(tartrate) 
• IprOH 
Figure 1 
~ epondalion 
Ti(O'Bu)(epoxy alcohol)(tartrate) 
Although the Sharpless epoxidation delIvers excellent enantioselectivity for the 
epoxidation of allylic a1cohols. the requirement for the hydroxyl functIOnality limits 
the scope of the reaction. Jacobsen has developed a range of catalysts. which confer 
chirahty on to epoxldations carried out by reagents such as m-CPBA of alkene 
substrates of wider scope. 4 One of the most successful of tlus range is shown below 
(Figure 2) 
Figure 2 
In the presence of 8 mol% of this manganese-salen complex and m-CPBA. the 
epoxidatlOn of cis-~-methyl styrene was effected in 98% e e. Although the 
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enantioselectivity with many substrates was shown to be not as high, the epoxidation 
proceeded with reasonable enantioselectivity (70 - 98%) for substrates including 
terminal and tri-substituted alkenes, some containing ester, nitrile and carboxylic acid 
functional groups 
1.1.2 Dihydroxylation 
The use of osmium tetroxide to carry out cis-dihydroxylation of carbon-carbon double 
bonds was well established before the development of the catalytic Upjohn process, S 
but required stoichiometric quantities of osmIUm to be present The expense and 
toxicity of osmium limited the use of the procedure. The UPl0hn process developed 
the use of catalytic osmIUm tetroxide in concentrations of 0.2 - 1 mol % within the 
reaction. The presence of a co-oxidant allowed a catalytic cycle in which the used 
osmium tetroxide is regenerated (Figure 3). 
F\ 
Figure 3 
The osmium tetroxide carries out a redox process to dlhydroxylate the alkene and is 
itself reduced to osmium trioxide. N-Methylmorpholine N-oxide (NMO) is present in 
stoichiometric quantity to oxidise the osmium trioxide back up to osmium tetroxide. 
The reaction has now been utilized on a larger scale, and has been developed as an 
asymmetric process. Sharpless developed cinchona alkaloid denvatives (1) and (2) 
for use in conjunction With the Upjohn procedure. 6 
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Et~ 
N 
OMe 
Dihydroquiuidine 
(1) 
MeO 
Etzy 
N 
Dibydroquinine 
(2) 
The use of Iigands (1) and (2) in the asymmetric dlhydroxylation of alkenes produces 
dlOls of opposing configurations, but rarely of equal enantiomeric excess. 
The enantioselectivity of the dihydroxylation of alkenes in the presence of these 
ligands was enhanced when the system was used stoichiometrically. This was 
disappoinung, as it was hoped that the addition of NMO as co-oxidant would provide 
an asymmetric catalytic system. 
high e.e. 
R 
~ 
R 
Primary 
Cycle 
L 
o R o-~,o,,/ 
cl "'o-Y\. 
R 
NMM L 
NMO 
~ 
O~R 
0
_, I 
;<05-0 
0 .... 1 
L 
Figure 4 
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R 
~ 
R 
Secondary 
Cycle 
R R 
H20 
H low •. e. 
HO OH 
-- - ---- ---------------------------------------------1 
Sharpless discovered this discrepancy to be caused by the presence of a second 
catalytic cycle, which induced little or no enantioselectivity in the reaction (Figure 4). 
The primary cycle induces the high enantioselectivlly that is seen in the stoichiometric 
systems. However, the presence of the co-oxidant induces the secondary cycle, which 
continues to generate the desired diol but proceeds with little or no enantioselectivity. 
Sharpless has virtually eliminated the secondary cycle by the use of a two-phase 
system. By replacmg NMO with K3Fe(CN)6 as co-oxidant, the sole oxidant in the 
organic phase is the osmIUm tetroxide. The dlOl and ligand then remam in the organic 
phase while the osmium species is transferred to the aqueous. This is then oxidized 
by the water soluble cooxidant and returned to the organic phase (Figure 5). The 
participation of the secondary cycle within the reaction IS then minimized. 
~ R ~ O~R R 
_I / o~Os-O 
O~I L 
L 
Organic 
R, R H +L 
HO OH 
- -- -- - - -- -- - - - -c::-- ..... --""-- - - - - - - -- - - - - - - -- -- - - - - - - - -,;--.....,.- - - - -- - -- ---
Aqueous 
2 OH' 
2H,O 
20Ir 
2 Fe(CN).J. 
2 OH' 
2H,O 
2 Fe(CN):' 
Figure 5 
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This biphaslc system has also allowed an alternative source of osmium to be used. 
The stable, non-volatile K20S02(OH)4 may be used to generate the active osmium 
tetroxide in situ in the aqueous phase. This has allowed the development of the 
commercial "AD-mixes" which contain all the reagents necessary to carry out the 
reaction (osmium source, cooxidant and ligand) 
Alternative Iigands have been developed through alkylation at the hydroxyl group of 
the dihydroqumme and dihydroquinidine templates (1) and (2). Initially, the range of 
ligands produced contained one alkaloid moiety, whereas the second generation 
Iigands contain two alkaloid moieties (3) and (4). 
~R C1)l) 
(3) 
N-N 
RO~OR 
V 
(4) 
R = dihydroquinine, dihydroquinidine 
Ligand (3), the most successful of the first generation of Iigands, has been superseded 
by Iigands of the second generation, an example of which is ligand (4). Ligand (4) is 
used to prepare the commercial AD mixes. 
Sharpless asymmetric dihydroxylation may be applied to the majority of substrates to 
give excellent enantioselectivity. However, some cis olefins are problematic, with the 
AD mix producing the diol in less than 90% e.e. Occasionally. terminal a1kenes 
containing only a small substituent may give lowered enantioselectivity, but this may 
be -overcome by the use of alternative hgands. 
1.1.3 Reduction 
The asymmetnc catalytic reduction of prochiral ketones to non-racemic secondary 
alcohols is most successfully carried out by the use of the oxazaborolidine type 
hgands, which do not require the presence of a transition metal centre. However, 
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there are many examples of transition metal complexes used in the asymmetric 
reduction of olefins. 
The asymmetric reduction of the alkene portion of enones has been carried out 
selectively by Buchwald 7 (Scheme 2) With enantioselectivities of up to 98% e e. 
(S)-p-tol-binap 
R' 0 CuO 
RAJlR" ----•• -NaO'Bu 
reductant 
PPh, 
PPh, (S)-binap 
Scheme 2 
up to 98% e.e. 
The reductant chosen was polymethylhydrosiloxane (PMHS) (5), a safe and 
inexpensive polymenc reagent. 7 Other catalytic systems for asymmetric conjugate 
reduction are restricted in substrate to lX, ~ - unsaturated esters and amides as they use 
stoichiometric quantities of borohydrides as the reducing agent However, the PMHS 
used by Buchwald may also be used with enones, as the rapid non-selective carbonyl 
reduction seen with the borohydride reagents is eliminated by the use of this reducing 
agent. 
TMs-oH-ot~s 
(5) 
The active ligand used by Buchwald is a copper-complexed 1,1 - binaphthyl derived 
ligand. The C,-symmetric 1,1- binaphthyl moiety is a popular ligand motif for 
catalysis due to its rigid chiral bidentate structure. In this form, the phosphine 
functionalities complex strongly to the copper. 
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The asymmetric centre generated by this system (Scheme 2) may also be formed by 
conjugate addition of a nucleophilIc alleyl group to an un substituted enone. However, 
this transformation is not always possible due to the restrictions of nucleophilic alkyl 
group. 
Buchwald has demonstrated the use of this catalytic system with a wide range of 
enone substrates including cyclic and acyclic substrates and those containing 
additional carbon-carbon double bonds. 8 These show excellent selectivity of the 
reduction, and the system was also shown to have good tolerance to steric hindrance. 
1.1.4 Aldol Reactions 
The aldol reaction, the addition of an enolate to a carbonyl is an important method for, 
carbon-carbon bond formatIOn (Scheme 3).9 
o 0-
RA. )-..R' 
Scheme 3 
A popular form of the aldol reaction is the Mukaiyama reaction, where the enolate is 
stabilized as a stlyl enol ether. The affimty of silicon for the oxygen atoms from both 
the acceptor and dopor, allows a six-membered transition state to form. The 
favourable conformation for this transition state is chair-like (Scheme 4) .. 
Me3 
o I Bno~o 
S'Bn 
Me3 
1 O-"S··jO ~S'Bn "~~BnO 1 11 
BnO I \, OH 0 
H SBn 
Scheme 4 
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Lewis acids and bases have been found to catalyse this reactIOn by activatmg either 
the aldol acceptor or donor molecule respectively. Unsurpnsingly, chrral Lewis acids 
and bases have been demonstrated to impart enantIoselectivity to the aldol reaction. 
A common method to fonn chiraI Lewis acids is by co-ordinating a transition metal 
centre to a chiral lIgand. This chiral complex then co-ordinates to the aldehyde, thus 
influencing the stereochemical outcome of the reaction by restricting the angles of 
approach ava!lable for the silyl enol ether (Figure 6). 
~N~H 
OPh Weu Ph ~ U 1 .... 0 Vre-faceblocked 
H~ Bno~H 
si·face attack 
Figure 6 
Among the most successful of asymmetric aldol catalysts developed )'Xl are the metal 
complexes of the bldentate bls(oxazoline) "box" 10 and the tridentate pyridyl-
bis(oxazolme) "pybox" ranges. 11 
"box" 
~"-': <y0 I rr 0\ N-~-N-J I \ ~ 
R TfO OTt k 
"pybox" 
These complexes have been demonstrated by Evans to act as chiraI Lewis acids where 
the metal centre is either tin 12 or copper. 11 Both the "box" and "pybox" ranges, in 
particular those where the R group IS of high steric influence (e.g t-butyl), have been 
shown to induce excellent enantioselectivity in aldol reactions. The countenons may 
also be changed from triflate in order to optumse individual reaction conditions. 
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An important criterion for a high level of enantioselectivity in this reaction is that the 
aldehyde must be able to engage in chelate-organiied association with the Lewis 
acidic metal centre (Figure 6). The initial report by Evans employed 
(benzyloxy)acetaldehyde as the aldehyde to be coupled with a broad range of silyl 
enol ethers, 13 and the method was later developed to include pyruvates (Scheme 5). 11 
o 
BnoJ + 
H 
o 
MeO, Jl + If -Me 
o 
OTMS 
~S'BU 
lOmol% cat. 
.. 
-7S0C 
[Cu«S, SJ-I-Bu-box»)(OTf)l 
[CU«S,SJ-Pb-pybox»)(SbFtJl 
OTMS 
~S'BU 
lOmol% caL 
-7S0C 
OH 0 
Bno~, 
SBu 
90% e_e_ (R) 
99%e.e. (S) 
MeO "" P",OHO 
o 
S'Bu 
[Cu«S, SJ-I-Bu-box)I(OTf)l 99% e.e. (S) 
[Cu«S,SJ-i-Pr-pybox))(SbFtJl 95% e.e. (S) 
SchemeS 
InterestIDgly, whIle the "box" and "pybox" copper complexes produce opposite 
enantlOmers of the product when employed ID the aldehyde aldol reactions, with the 
pyruvate substrates they produce identical products, with excellent enantioselectivity 
across the range of silyl enol ethers reported. Equally impressive enantioselectivities 
have been reported by Evans when tin is employed as the metal centre. 12 
Other catalysts have been developed that do not require the aldol acceptor to contain a 
second oxygen atom for chelation control within the aldol acceptor. An example of 
this is the use of a zirconium BINOL-derived ligand reported by Kobayashi et aL 14 
(Scheme 6). 
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R"',- IMS 
Y'OR' 
R" 
- - ------
o·c 
Scheme 6 
This ligand was reported to produce excellent enantioselectivittes in reactions 
contaimng vanous silyl enol ethers and a range of aromatic and aliphatlc aldehydes. 
The use of prochiral silyl enol ethers produced products in good to excellent 
enantioselectivities and moderate to good dJastereoselectlvtles (favouring the anti 
product) 
1.1.5 Addition of Dialkylzinc reagents to Carbonyls 
Dialkylzinc reagents may be added to a variety of carbonyl compounds 15 The 
reaction will not normally proceed in the absence of an activating agent, whether it is 
an organic ligand, a metal complex or a combination of these. This makes these 
reactions ideal for asymmetnc synthesis, as there is little or no non-catalysed, racemic 
background reaction, and consequently even ligands that increase the rate of reaction 
only slightly may still induce high enantlOselectivity. 
The addition of diethylzinc to aromatic aldehydes IS descnbed further in Chapter 3.1 
where the variety of organic ligands used to catalyse this reactIOn IS emphasized. 
Discussed here is the use of transition metals in conjunction with organic ligands in 
order to effect the same transformation (Scheme 7) 
do _:_t2_Z_n~.~ 
Scheme 7 
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The majority of ligands developed to catalyse this asymmetric transfonnation contain 
an aminoalcohol moiety. It is believed that the reaction proceeds through a zinc 
alkoxide transition state. Therefore, the ammoalcoholligands are thought to be 
suitable as the required transition state complex may be fonned through binding of the 
zinc to the oxygen, with the amine providing chelation control to fonn a rigid 
transition state complex. 
Seebach has developed a range of ligands which contain no amine moiety (Figure 7). 
16 These TADDOL ligands are derived from optically active tartaric acid. 
(6) 
(7) 
Figure 7 
Structure (6) is the titanium complex transition state believed to be formed in the 
reaction, and catalyses the addition of diethylzinc to a range of aromatic and aliphatic 
aldehydes with good to excellent enantioselectivity. The addition reaction is carried 
out with between 2 and 20 0101% of (6) in the presence of excess titanium 
isopropoxide. The optimal concentration of ligand (6) was found to be 20 mol%. 
Initially, the active species (6) was formed in situ from the TADDOL ligand and 
titanium isopropoxide, but it was later discovered that the spirotitanate (7) is air 
stable. Therefore, complex (7) could be synthesized in advance, and added directly to 
the reaction. Subsequently, 10 mol% (7) was converted to (6) in situ by the excess 
titanium isopropoxide present in the reaction. 
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This ligand was developed further by the replacement of the phenyl rings, initially by 
2-naphthyl, but subsequently by a range of aromallc substituents. The bulkier 
substituents were shown to induce increased enanlloselectivity in the addition of 
diethylzinc to aldehydes. The range ofT ADDOL-denved ligands was also extended 
by replacement of the methyl groups by alkyl groups of increased steric bulk. 
Attempts have been made to convert the TADDOL ligands into aminoalcohol 
templates by replacing one of the hydroxyl group with an amine. 17 Ligands WIth 
various subslltution patterns on the amine were synthesized to create a range of 
amino-T ADDOL ligands. These ligands were then tested in the addItion of 
diethylzinc to several aromatic aldehydes in the presence of lltanlUm Isopropoxlde. 
The most successful of these ligands (8) IS highlighted 10 below, however this induced 
an e.e of only 85% 10 the addItion of diethylzinc to benzaldehyde. 
Asymmetric carbon-carbon bond formation may also be carried out by the addItIOn of 
dlalkylzinc reagents to a, f3 - unsaturated ketones (Scheme 8). 18 The use of chiral 
ligands in conjunction with several transition metals is highlighted in Chap.ter 6.1. 
SchemeS 
This transformation may also be carried out using boronic acids in the place of 
dialkylzinc reagents. Miyaura reported the conjugate addition of aryl and alkenyl 
boromc acids to enones, catalysed by a rhodIUm complex 19 This system has several 
advantages over the previously reported conjugate add,llon systems· 
20 
o The organoboronic acids are air and mOisture stable, allowing the reactions to 
be carried out in protic media - even aqueous solution 
o The boronic acids are unreactive towards enones in the absence of rhodium, so 
no racemic background reactIOn may take place in an asymmetnc reaction. 
o The rhodium complex directs the additIon exclusively 1,4 - the absence of 
background reactIOn prevents 1,2 addition. 
o The rhodium complex contains phosphine ligands, which makes the complex 
amenable to the mtroductIon of chiralIty. 
An example of an asymmetric adaptatIOn of thIS system has been reported by Hayashi 
usmg the popular 1,1' binaphthyl-derived lIgand BINAP (Scheme 9) 20 
60 I _Rh~(_ac_ac..:.)::.[(S..:.)_-b_in_a:...:pI~.~ PhB(OHh dioxane 
PPh2 
98.6 % e.e. 
PPh2 (S)-binap 
Scheme 9 
The rhodium-binap complex is formed In situ from a rhodium bis(ethylene) precursor 
and (S)-binap. The rhodIUm is present in the reaction in just 3 mol% - a small excess 
of binap to rhodium is used in the formation of the in SItu complex m order to ensure 
that no achrral rhodium specIes is present m the reaction. An excess of the boronic 
acid is required to achieve this level of enantioselectivIty. 
Preparation of more complex boronic acids, however, can be troublesome. Hayashi 
has developed a range ofboronic acid esters for use in conjugate addition to enones. 20 
These are simple to prepare, however, they do require the presence of a protic solvent 
(water or methanol) and a base (Scheme 10). 
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The boronic acid ester shown in Scheme 10 was prepared by treatment of the alkyne 
with catechol borane_ This could then be used directly m a conjugate addltion to 
cylclohexen-2-one to mduce excellent enantioselectivity. The boronic acid ester is 
believed to hydrolyse ID the aqueous media to generate the boronic acid and catechol 
- the base is included to counteract the acidity of the catechol. 
Hayashi has investigated the use of alternative boronic acid ester reagents and has 
applied them to the 1,4 conjugate addItion of a wide variety of subsirates, including 
et, P -unsaturated esters, I-alkenyl phosphonates and I-mtro aikenes, all with 
excellent enantlOselectivltles. Hayashi has concluded that the rhodium-catalysed 
system is ideal only for the addition of aryl or alkenyl moieties to electron-deficIent 
olefins, complementing the copper eatalysed system of Feringa, 18 which is used for 
alkyl addition 
While the range of ligands explored here allows a wide variety of chemical 
transformations to be carried out in an enantioselective manner, all the reactions 
involve metal co-ordination The co-ordination of the metal centres between reaction 
substrate and ligand allows the chiralligand or auxiliary to be ID close proximity to 
the reacting centre, allowing the ligand to exercise enantiocontrol in the reaction. 
However, the metals used are often toxic, and can be troublesome to remove from the 
reaction The potential presence of toxic residues in the chiral products restricts the 
use of these asymmetric techniques. 
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There are two major ways to remove the problems of tOXIC metals The first is to 
, 
support the metal on a polymer, which allows the metal to be removed easily and 
completely from the reactions (Chapter 2.3) Alternatively, asymmetric ligand 
systems have been, developed which do not require the presence of metals This 
technique of usmg purely organic catalysts is known as organocatalysis. 21 
1.2 Organocatalysis 
The use of transition metals to co-ordinate chiral hgands to provide a potentially 
enantlOselective reaction is common, due to the versatility of the metals in changing 
oxidation states, and to the variety of ligands available. However, metals can be 
expensive, toxic and difficult to remove from the final product. The latter point is 
particularly important in industries such as the phannaceutical, where there must be 
no risk of potentially toxic residues 
1.2.1 Epoxidation 
The Sharpless epoxidatlOn is one of the best established asyrmnetric transformations. 
Other successful chiral metal complexes have been developed for use as epoxidation 
catalysts. Investigations have also been carried out to develop conditions to produce 
organocataIysts that are capable of enantioselectlve oxygen transfer to an olefin to 
produce an epoxide. 
The use of chiral ketones in conjunction with a co-oxidant has been shown to effect 
the epoxidation of olefins m an enantioselective manner. 22 A common co-oxidant 
used ID this system IS axone, a tnple salt in which the active portion is potassium 
monoperoxy sulfate, which converts the ketone to a dioxirane m SItu, and this 
dioxlfane then performs the epoxidation (Figure 8) 
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Figure 8 
This epoxidation system is carried out in a biphasic system, with the Oxone being 
contained in the aqueous layer and the substrate being contamed in the organic layer 
to prevent the Oxone from carrying out the epoxidation directly. The first ketone-
catalysed asymmetric epoxidation was reported by Curci (Scheme 11).23 
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Scheme 11 
The ketone was used in stoichiometric quantities to produce epoxide of 12.5% e.e., 
although a drop to 20 mol% ketone reduced the e.e. only a little, to 11 %. Although 
the enantioselectivity in this example is poor, it demonstrated the viability of the 
system, and inspired further investigations. 
One of the major problems in the design of ketone catalysts is epirnerization. The 
chiral centre is required to be close to the active carbonyl group, but the a.-position 
relative to the carbonyl group is vulnerable to deprotonation, and therefore 
racemizatlon of the catalyst may occur. There are two common ways to circumvent 
this problem, the addition of a fused ring a. to the carbonyl group, which ensures that 
even If deprotonation occurs, racemization does not; and the presence of a quaternary 
centre a. to the carbonyl group, which prevents deprotonation. 
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Shi has developed various epoxidation catalysts that contain both a fused ring and a 
quaternary centre. 24 A highly effective example is (10). This ketone is synthesized 
simply in just two steps from (D)-fructose. 
0':< (t o ,,,,,I 
-' d" ~ 0 
--\-6 
(10) 
This organocatalyst has been shown to be effective with a wide range of oletins. For 
(E)-Il-methylstyrene, epoxidlzed in only 12% e e. by Curci's catalyst, Shi's catalyst 
induces 96% e e. A range of trans-disubstituted olefms have been epoxidized by Shi's 
catalyst all with excellent enantioselectivity (> 92% e.e.), including, aromal1C, 
aIiphatic, sterically hindered and halogenated olefms. Trisubstituted oletins have also 
been enantioselectively epoxidized by Shi's catalyst with good e.e s (> 80%). A range 
of hydroxyalkenes bas been epoxidized, mostly with excellent enantioselectivity, as 
has a range of enynes. cis-Disubstituted and terminal oletins were epoxidized with 
only poor to moderate enanl10selectivities (20 - 60% e.e.). Finally, dienes were 
epoxidized with good enantioselectivities, and, in general, excellent regioselectivity 
towards mono-epoxidation of the most hindered alkene. 
In summary, Shi's epoxidation catalyst is versatile, reliable and simple to make, 
however, it shows poor stability and has a low rate of catalyst turnover. Other 
epoxidation catalysts have been developed using immium salts as catalysts 2S These 
work on a similar principal to Shl's catalyst, with the co-oxidant producing the active 
agent, an oxaziridme, in situ (Scheme 12). The monoperoxysulfate anion attacks the 
imine and subsequent loss of sulfate produces the oxaziridine. This then delivers the 
oxygen to the oletin, to form the epoxide, and to re-form the catalyst. 
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Page has produced a range of iminium salts for use as epoxidation catalysts, the best 
of which mduce very high enantioselectivlty (Scheme 13) 2S The catalysts have been 
deSIgned so that the chlral unit of the catalyst IS posItIoned close to the active centre 
of oxygen transfer. Vanous counter-IOns have been assessed, but although those 
tested did not sigmficantly affect the enantioselectlvity of the reactIons, the 
tetraphenylborate salts were found to be the most crystalhne and therefore easIest to 
handle. 
Ph 
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Scheme 13 
1.2.2 Reduction 
The main class of organocatalytic reducing agents are the oxazaborolidines. These 
are tYPIcally prepared /11 '1I1I from an achiral borane ;ource and a chiral aminoa1cohol. 
The sImplest preparatIOns were investigated by Zwanenburg,26 who tested a range of 
cyclic oxazaborohdmes (11), (12) for use in the reduction of acetophenone. 
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The catalysts were prepared by refluxmg the corresponding aminoalcohols in 
tetrahydrofuran m the presence of borane. The excess borane and solvent are 
removed, to generate the catalyst, which was then used ImmedIately. 
The reduction of acetophenone was carried out by 10 mol % of Zwanenburg's 
oxazaborolidines in the presence of borane to induce enantioselectivltIes of up to 94% 
e.e. 
Corey, Bakshi and Shlbata have developed a sImIlar system, 27 but have found that 
theIr catalyst (13) Imparts improved enantlOselectivity in the reductIOn of 
acetophenone when the boronic proton is replaced by a methyl group, and the reaction 
is carried out m tetrahydrofuran wIth a sub-stOIchiometric quantity of borane. 
(13) 
ThIs catalyst reduces a range of ketones to secondary alcohols with excellent e.e. (up 
to 97%). An added advantage is the stabihty of this catalyst. Zwanenburg's catalysts 
and those of Corey which contain the boron-hydrogen bond are air-sensitive, and 
must be prepared in SItu prior to reaction. Corey's boron-methyl catalyst, however, is 
air-stable and may be prepared and stored some tIme prior to use. 
The asymmetnc reduction of ketone~ by hypervaJent ~Ihcon hydndes may be 
considered as an organocatalyllc transformatIOn, as, although a metal enolate of the 
chlral template IS reqUIred, the metal is thought to have no active role in the 
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transformation. An example of this system is Kagan's BINOL activated silane 
process (Scheme 14). 28 
OH 
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Scheme 14 
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The chiral BINOL alkoxide is regenerated, and therefore is required to be present III 
only catalytic quantities. The trialkoxysilane is the achiral proton source, and must be 
present in stOIchIOmetric quantity. Kagan uses the mono lIthium BINOL salt to 
produce aIcohols with e.e.s of up to 93%. 
1.2.3 Aldol Reactions 
As discussed above (Chapter 1.1), the aldol reactIOn is an important method for 
carbon·carbon bond form~tion, being the condensatIon of two carbonyl groups 
(Scheme 14).9 
o· 
-rlR' 
Scheme 14 
LewIS aCIds and bases have been found to catalyse thIS reactIOn by actlvatmg eIther 
the aldol acceptor or donor molecule respectively There are many examples of 
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activation to form transition metal complexes, but, there are also organocatalytic 
examples using boron and phosphorus. 
A chrral oxazaborohdmone may be formed in an analogous way to the 
oxazaborolidines used for the asymmetric reductions (Chapter 1.2.2). However, in 
this case the amino acid, instead of an aminoalcohol, is reacted with borane to form 
the active catalyst. Chiral Lewis acids of this type have been demonstrated to catalyse 
asymmetric aldol reactions with excellent enantioselectlVlties (Scheme 15). The 
donor is stabilized as the sllyl acetal 
Chiral Lewis acid: 
o O'J-yR* 
'B~NTs 
~ (14) 
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Scheme 15 
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up to 96% e.e. 
Corey has proposed a catalytic cycle for the role of the oxazaborolidinone in thiS aldol 
reactIOn (Scheme 16). 29 The boron complexes first to the aldehyde, the approach of 
the sllyl enol ether is then restricted by the presence of the oxazaborolidine, to induce 
enantlOselectivity in the reactIOn. The boron is proposed to facilitate Silicon transfer. 
The complex then collapses to release the product and enable the oxazaborolidme (14) 
to complete the catalytic cycle. 
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HMPA was found to accelerate achiral aldol reacllons. Chiral phosphoramides have 
been developed to act as LeWtS bases to catalyse the reacllon in an asymmetnc 
manner with considerable success An example of the success of the use of these 
chtral phosphoramides as LeWtS bases In the aldol reaction is highlighted in Scheme 
17. This shows a base developed by Denmark,3D which catalyses the aldol reaction to 
induce enantioselecttvities of up to 97% with a range of both alkyl and aryl aldehydes 
Chiral Lewis base: 
I 0 PhyN'II L/O " N Pli'~ \ 
Scheme 17 
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up to 97% e.e. 
The siIyl enolate co-ordmates to both the oxygen atoms from the base and from the 
aldehyde, to form a six-membered transitIOn state complex. The chair-like 
conformation (15) is favoured over the boat-like conformatIOn, producing the anti 
product. 
Me3 
I 
°or" 
(15) 
1.3 Enantioselective Desymmetrization 
The process of desymmetrization involves differentiation of two identical functional 
groups Within an achlral or meso compound. This is can be achieved by selective 
reduction of a di-carbonyl compound, oxidatIOn of a diol, or the mtroduction of an 
additional chemical mOIety 31 These techniques were pioneered in the mid 1980s, 
and have developed rapidly since 
1.3.1 Reduction and Oxidation Reactions 
The reduction of a symmetrical cyclic anhydride to remove one of the carbonyl 
groups has been reported by Matsuki 32 This report shows the use of a BINOL-
derived aluminium hydride (Scheme 18) 
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The Crsymmetric chiral reagent reduces the substrate in good yield and with 
excellent enantioselectivity. This group demonstrate the versatility of this reagent by 
reportmg a selection of cyclic anhydrides that have been reduced successfully with 
this reagent. However, the disadvantage of this system is that the reagent must be 
used stOlchiometncally 
Speckamp has developed a similar system based on a borohydride reduction. 33 The 
hgand used is a chiral oxazaboroIidme, whIch is regenerated in situ by the presence of 
borane in the reactIOn (Scheme 19) ThIs requires the oxazaboroIidine to react faster 
WIth the anhydride than the borane. 
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The cychc anhydnde IS selectively reduced to the mono alcohol by the 
oxazaborolidme that is present at 50 mol%. The borane is present at 75 mol%. The 
alcohol is produced as an equal mIxture of cis and trans isomers. These alcohols are 
then treated either with acidic ethanol to produce trans ethoxy acetal in 73% overall 
YIeld and 75% e.e., or reduced with sodIUm borohydride to produce the lactam in 76% 
overall YIeld and 80% e e 
Desymmetnzing oxidation reactIOns of dlOls to hydroxy ketones can be carried out. 
Examples using low levels of chlral hgands have been reported by Noyon et al. 34 
(Scheme 20) 
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Scheme 20 
The chlral ruthenium oxidant IS required to be present in only 0 2 mol%, and to 
selectively monoxidize the dlOl shown to the hydroxy ketone in good yield and 
excellent enantioselectivity. The catalyst has shown versatIlIty, having been reported 
to monoxidize a range of dlOls, from snnple examples, to the more complex bicyclic 
species shown In Scheme 20. 
1.3.2 Other Reactions 
Whltesell in 1985 reported an intermolecular ene reaction between a cyclic meso 
dlene and a chiral glyoxylate ester 35 (Scheme 21) The glyoxylate portion of the 
molecule is used as a chiral aUXIlIary for the reaction, and is cleaved by sequential 
reduction, oxidative cleavage and reduction reactions to produce the alcohol (16) as a 
single isomer. 
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H 
SoCI, 1 !J 1) LiAIH, 
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Scheme 21 
The production of the alcohol is a part of an eIght step synthesis of the natural product 
(-)->pecionin, which ha; been produced in optIcally pure form The selectivity of this 
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reaction IS very impressive, however, the use of an auxIliary to induce the chirality of 
the product requires the use of a stoichIOmetric quantity of chirally pure material. 
More recently, reports of a simIlar catalytiC system have appeared. Mlkami reported a 
BINOL-derived complex capable of performing asymmetric ene reactions when 
present In only 10 mol% (Scheme 22) 36 
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The ene reactIOn proceeds With excellent levels of both diastereoselectivity and 
enantlOselectlvity (99% syn isomer, > 99% e.e) In this instance, not only is less 
chiral material required, but the syntheSIS IS also shortened, as the cleavage step is no 
longer necessary. This catalytic system has been applIed to a variety of simple 
glycoxylate esters, including those containing alkyne functionality with consistently 
good selectlY1ty. 
Wittig and Wlttlg-type reactIOns have also been subjected to investigation for 
asymmetric synthesis. Trost first reported the use of a chiral phosphine in a Wlttig 
reactIOn in 1981, 37 the reactIon proceeded with 77% e.e., after taking into account the 
88% e.e. of the phosphIne. While this IS a reasonable enantioselectivity for the 
reaction, the inabilIty to syntheSize the chlral phosphine In high e.e. renders thiS 
system less useful for asymmetric syntheSIS This has been improved by the use of a 
more complex phosphorus-contaIning reagent (Scheme 23) which has participated in 
a Wadsworth-Emmons reaction. 38 
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The chiral phosphonamide (17) was prepared from 1,2-diaminocyclohexane. Tlus 
sImple preparation allows the phosphonamlde to be prepared In a optically pure form, 
avoiding the earlier problems The reaction proceeds In good yield (91 %) and with 
excellent enantlOselectlVlty. This system has been utlhzed with a range ofprochiral 
ketones, and also with the allyl substItuted phosphonamide, all with excellent e.e.s. 
Masamune prepared a chiral phosphonate with the chlral mOIety attached not dIrectly 
to the phosphorus, but through the intended adduct by an amide linkage (Scheme 24). 
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The pho'phonate react, enantlO,eleclIvely wllh the alkylcyclohexane, and the chlral 
auxiliary is then removed by a reductlve cleavage method to reveal an allyhc alcohol 
In good YIeld (91 %) and selectivIty. 
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ThIs system allows easIer preparation of the chrral phosphonate, and introduces the 
possibihty of recycling the precious chlral material. However, the use of an auxiliary 
adds the reductive cleavage step to the synthetic route. 
This strategy may also be apphed to desymmetnzation of mesa dialdehydes. 40 The 
chlral auxIliary IS attached through an ester linkage to the phosphonate The Horner-
Wadsworth-Emmons reactton is carried out wIth good enantloselectivity (Scheme 
25). However, thIs enantioselecttvity is produced at the cost of the yield, as to 
achieve the high enantloselectivlty shown, the yield was only 36%, with 48% of the 
starting matenal beIng converted to the dienone. A higher yield can be achieved by 
USIng less of the phosphonate (1.3 equivalents Instead of2 0), but this lowers the e e. 
to 82%. 
Scheme 25 
This strategy has been applied to the desymmetrisation of mesa a-dlketones. 41 
Horner-Wadsworth-Emmons reactions can now be carried out using asymmetric 
catalysis. 42 and this allows the chiral material to be present in small quantIties A 
phase transfer system was developed, with the active chiral catalyst being a 
quaternary ammOnium salt denved from cinchonme (Scheme 26). An 
alkylcyc10hexane was desymmetrized by a sImple stablhzed phosphonate (18) to 
produce an a, ~-unsaturated ester in 57% e.e. 
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The formation of a carbon-heteroatom bond in order to desymmetrize meso 
anhydrides has frequently been reported with good diastereoselecttvity. 43 The 
development of these systems to add a chiral alcohol nucIeophile to a meso-anhydnde 
has been carned out by Heathcock 4' ~electlV1ty depends heavily on reducing the rate 
of reactIOn by cooling the temperature, resultmg in Improved diastereoselectivity, but 
long reaction ttmes. However, the selectivity also depends on the size of the 
nucIeophiIe (Scheme 27), WIth larger nucIeophiles imparting greater 
enantioselectivlty to the reactIOn. 
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Scheme 27 
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It is common in these reactions for the nucleophile to be used as an auxiliary. and then 
removed from the product. 
A selectIOn of alkyl substituted anhydndes was investigated. 44 and it was found that 
substitution of the protected alcohol wIth alkyl groups of increasing size caused a 
decrease in the selectivity of the reaction. In the extreme case of the ten-butyl 
substituted anhydride. the opposite diastereomer was fonned (50% d.e.). 
Methods have now been developed to ring-open mesa-anhydndes selectively and 
catalytIcally. This technIque allows the enantlOmerically enriched products to be 
accessed dIrectly wIthout the need for an auxihary containing intennediate. Aitken 45 
has demonstrated the use of 50 mol% quimne to catalyse the methanolysis of simple 
cychc anhydrides (Scheme 28). 
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The methanolysis proceeded in good YIeld (88%) and moderate enanuoselectivity. 
Quinidine induced catalYSIS of the reaction with a comparable level of selectiVIty and 
yield to produce the enantiomer of the product. 
Mesa-epoxides have been nng-opened m a sImilar manner. Nugent has developed a 
system usmg a C3-symmetric zirconium-based catalytic ligand (Scheme 29). 46 A 
range of mesa-epoxides was investigated. from the simple but-2-ene oXIde to cyclic 
and unsaturated examples The reactions proceed wIth excellent selectivitles (up to 
93% e e.) Alternative azide nucIeophiJes were investigated. with 
dlmethyh,opropylsllyl aZIde mduc111g the greate!>t ,electIVIty 
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The ligand need only be present at 5 mol% to Impart this level of selectIVIty. This 
reaction shows good potential for use In asymmetric synthesis, as it adds a versatile 
group, the azide, which can easily undergo functIOnal group interconversion. The 
same catalyst has been used with a bromide nuc1eophile for the selective ring opening 
of mesa epoxides with comparable enantioselectlVlties. 
Alternative catalysts have been developed for this transformation (Scheme 29), 
employing metal centres and organic ligands, and give comparable results. These 
mclude the Cz- symmetnc salen complexes, used With chromium (Ill) 47 and cobalt 
(IT) 8 developed by Jacobsen. 
An alternative desymmetnzatlOn strategy is mono-epoxidatlon of a dlene. Sharpless 
epoxidatlOn conditIOns can be used In thiS strategy to good effect. 31 The process of 
epoxldatlOn allows two stereocentres to be established in one process, miling it 
attractive for complex syntheses. 
OH OH 
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Scheme 30 
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In the example shown (Scheme 30), the standard Sharpless epoxidation conditions 
were used to produce a mono-epoxide in excellent yield (94%) and with excellent 
enantioselectivlty. This is part of a total synthesis, 48 where the epoxide is then 
simply opened by acid cleavage, with the two stereocentres lughhghted both being 
generated m the epoxldatlOn step. 
Sharpless asymmetnc dlhydroxylatlOn has also been applied as a desymmetnzing 
strategy. 49 The synthesis of (+ )-conduritol (20) is a good example of the combming 
of several strategies to create an enantioselective synthesis (Scheme 31). 
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The dihydroxylation step is carried out usmg standard Sharpless AD-mix conditIOns, 
but provided the dlOl m only 65% e.e. (>98% d.e.). The use of further selective 
strategies, includmg kmetlc resolutIOn by Sharp less epoxidation, provided the final 
natural product in over 99% e e .. 
The success of the Sharpless dlhydroxylatlOn methodology has resulted in the ready 
availability of meso-dlOl substrates, which have become popular substrates for 
asymmetric desymmetnzation. Onyama has developed a catalytic system for the 
selective mono-protectIOn of meso diols (Scheme 32). 50 
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The proline-derIved chlral reagent needs to be present m as !tttle as 0 5 mol% to 
mduce excelle~t enanttoselectlVlty in the reactIOn, which also proceeds in good yield 
(85%). The reactIOn IS thought to confer the selectivity by the activatIOn of the acid 
40 
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chloride by the chlral hgand, and has been apphed to a range of meso-diols, including 
cychc and unsaturated examples, with up to 96% e.e. observed in the final products. 
In summary, the process of desymmetrizatlOn is a valuable and versatile tool for 
asymmetric synthesis. Examples have been investigated that use all the claSSIC tools 
of asymmetric syntheSIS: chlfal auxlharies, chiral hgands, chiral catalysis and kinetic 
resolution. The technique makes good use of the wide range of readdy available meso 
compounds, allowing a Wider range of naturally occumng compounds to be used as 
bUilding blocks for natural product synthesis, which complements the use of chiral 
startmg matenals. 
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2.0 Solid Phase Chemistry 
2.1 The Principles of Solid Phase 
Sohd phase chemistry has been developed to overcome and simplIfy several steps 
involved in a chemical reaction. This account of solId phase chemistry considers 
these aspects with respect to the asymmetnc catalysis discussed m the earlier sections. 
A typical catalytic asymmetric reaction wiIl have several components: the prochrral 
reactant, which wll1 be transfonned to the chiral product within the reaction; a 
reagent, which could be an oxidant, reductant, or an additIOn segment; a chiralligand, 
which may be present stOlchlOmetrical1y or in catalytic quantity; and solvent. Hence 
the potential comphcatlons that could occur in this reaction mclude: 
[J Removal of the desired product from any by-products and the solvent. 
[J Removal or pOSSible retrieval of potential1y precIOus chiralligand, for re-
generation or for direct re-use. 
[J Removal of highly reactive or hazardous reagents. 
[J Instablhty of alrnlght sensitive reagents 
[J Selectivity of the reaction. 
In sub-gram quantities, If these problems could be solved, this would add to the 
convemence of the reaction. In mUlti-gram and larger quanlities, solution of these 
problems can be essential for the viability of an Industrial process. 
Merrifield 51 first demonstrated in 1963 that peptides could be synthesized on a 
polymer support. By attaching the peptide to the support, large excesses of reagents 
could be Simply washed over the supported peptide fragment. This helped to ensure 
that quantitative reactions occurred, and punficatlOn of the product at the end of the 
reaction sequence was simphfied. The insoluble polymer could then be filtered from 
the reaction mixture, wa~hed, and the product removed from the support in high 
punty. 
42 
This technique of supporting the reactant and isolatmg a polymer-supported product 
has now been expanded, so that many product types can be generated on polymer 
support. A large vanety of reactants can be attached to polymer support by 
appropriate linkers, the required reactions can then be carried out, and the supported 
product simply filtered from the reaction. The product can then be cleaved from the 
support, with high yield and punty using the appropriate reagents. 
'Lmkers' are the means by which the molecule IS attached to a polymer. They are 
deSigned to withstand the reactIOn conditions, but be readily cleavable at the end of 
the reaction sequence to release the desired product. Ideally, after cleavage from the 
polymer, the product Will be in the desired fonn, however, often the linker will leave a 
"handle" on the product mdicatmg where it was attached. Typically this may be an 
ester or alcohol group, depending on the type of bond cleaved to release the product. 
This handle may be a deSlfed feature in the product, however sometimes it must be 
subsequently removed, add,mg an extra step to the synthesis. 
A hnker is said to be 'traceless' If the product cleaved from the polymer contams no 
handle, or indication of how the polymer was attached. 
The advantages of fonning a product on polymer support over a solution phase 
synthesIs are: 
Q Higher Yields may be available with higher product purity. 
Q Ease of work-up and purification. 
Q Development of parallel syntheses. 
Alternatively, the reagent can be the supported component in the reaclIon mixture. 
ThiS can be particularly beneficial if the reagent is persistent, such as phosphines, 52 
tOXIC, such as chromates, 53 or just expensive, such as palladium. 54 The reactant can 
then be easily removed from the reaction mixture, allowing: 
Q Persistent reagents to be removed completely and effortlessly. 
Q TOXIC reagents to be removed without leavmg residues. 
Q ExpenSive reagents to be easily recovered and regenerated. 
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The removal of tOXIC reagents IS particularly Important, as It allows the user to contain 
and dispose ofthe hazardous material easily, and often renders the substance non-
toxic. There is also potential for mdustries that are sensitive to toxic residues, such as 
the pharmaceutical industry, to use a wider scope of reactions. 
Two options are available to ImmobilIze a chiral catalyst or auxilIary on a polymer 
support. The first is to have a polymer-supported chlralligand that may be used 
catalytically in the reactIOn. In this case the ligand can be placed in the reaction, with 
the reactant and reagent, and after completIOn of the reaction the polymer can be 
recovered for direct re-use, with the new chlral product remaining m the solution. 
ThiS method allows chual products to be produced which have no Imker "handles" 
present and which could otherwise be hard to attach to a support. Also, providing the 
polymeric chiralligand can be reused With no loss in actlVlty, it is the most amenable 
of the solId phase types to a contmuous flow process 
The second option is to use a polymer-supported chiral auxiliary. In this case the 
polymeric auxiliary must of course be present in stoichiometric quantltles. The 
reactant is attached to the polymer and then treated With the reagent, for example an 
alkylating agent, the polymer IS then Isolated, and the product removed from the 
polymer. 55 
Finally, polymeric reagents can be used as scavengers. In a normal solution phase 
reaction, undesired by-products or unreacted matenal may be removed by addition of 
a polymer, which picks up the contammant and can then be removed by filtration. 
Solid phase chemistry can be carried out With more than one polymer present m the 
reaction. The potential combmatlons of polymers are wide ranging, from addmg a 
scavenger resin to a reactIOn containing a polymer-supported reducing agent, 56 to the 
abilIty to contain two incompatible polymer-supported reagents in one pot, for , 
example an oxidant With a reductant 57 
The polymer employed must be stable to the reactIOn conditions, and the polymer 
backbone must not interfere With the reactIOn 
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In summary the pnncipal advantage of solid phase technology is the ease of 
purificatIOn, either by the ability to hold on to the product and wash it, or through 
being able to 'fish out' the undesirable components of the reaction by the use of 
supported reagents, or post reactIOn by the use of scavengers. The increased control 
of hazardous matenals whilst polymer-supported IS also a major advantage, allOWing 
otherwise environmentally detrimental reactIOns to be carried out harmlessly. Other 
advantages, such as the production of fewer Side reactions, 58 or additional stability, 
particularly with organometallic reagents, 59 have been observed for some reactions. 
Finally, the development of solid phase technology has benefited the chemical 
industry by facilitating the introduction of parallel syntheses, which have allowed vast 
IIbranes of compounds to be generated and screened for biological significance. 
2.2 A Brief History of Solid Phase Chemistry 
The use of polymers in solid phase organic chemistry was preceded by their use as ion 
exchange resins. Agricultural chemists discovered the process of ion exchange in the 
mid-nineteenth century, 60 they realised that ammonium salts were removed from 
manure and replaced by calcIUm salts by running the manure through clay-based soil. 
This was defined as base exchange, and was applied to both ammonium and 
potassium fertilisers. The active catIOns In the fertiliser were retained by clay-based 
soil, even though the amons were washed through the subsOIl. 
Natural clays usually contain an alumino-sllicate skeleton, together With a selection of 
cations 60 Some natural clays are stili employed In synthetic chemistry, for example 
montmonllonite, which contains an expanding layer lattice, allOWing ions to move 
freely Within the structure ArtifiCial alumino-sllicates were developed early in the 
twentieth century and used m the water-softemng process. 
Zeolltes, both natural and synthetic, have also been utilized in cation exchange. 61 
Their ngld structure. contalnmg open pore~ and channels. makes zeohtes Ideal for the 
diffusion of substances to the active sites within the structure. However, the use of 
zeolites IS hmlled due to their sensitiVity to both acidic and baSIC conditions. 
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The fIrst completely synthetic ion exchange resm was developed in 1935. 62 Dlhydnc 
phenols were heated wIth fonnaldehyde to perfonn a poly-condensatIOn reaction. The 
resulting polymeric resin (21) contains phenolIc hydroxyl groups, which give the resin 
a weakly aCIdIc nature This resm was demonstrated to exchange the hydroxyl 
protons for other catIons m a solutIon, however, due to the weakness of the acidity of 
the phenolic proton, the exchange is limIted to highly basic solutions. 
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The resin was modIfIed to contain a strongly acidIc group (-S03H) In place of the 
phenol hydroxyl by substitutIOn of phenolsulfonIc acid for phenol m the preparatIon. 
These acid resins overcame the lImItation of the onginal resm. 
Anion exchange resins were produced In analogous fashion by the condensatIOn of m-
phenylene-dmmme with fonnaldehyde. 62 
The evolution of polymerizatIon techniques allowed ion exchange resins to be further 
developed Cross-lInked polystyrene was found to undergo quantItatIve sulfonation 
with concentrated sulfurIC aCId, and wIth the advent of suspension polymerization, 
"Dowex 50" was produced The Dowex 50 reSIn, marketed by the Dow Chemical 
Company In 1945. wa' the first commercmllon exchange reSIn to consl,t of beads 
(unifonn spherIcal partIcles) 62 
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Anion exchange resins soon followed, WIth the release of "AmberliteIRA - 400", 
consistIng of a cross-lInked polystyrene wIth an attached quaternary ammonium salt. 
62 Although this resin is versatile, being actIve at all pH ranges, whIle In the hydroxyl 
form it IS unstable to temperatures above about 50°C. This is true of all strong base 
resins. 
A full range of both cation and anion exchange reSInS have been developed wIthin the 
Dowex and Amberlite ranges, and addItIOnal ranges have been marketed. Cross-
linked polyacryhc acid and polymethacrylic acid reSInS have also been developed 
CommercIal resins are now produced exclusively in bead form, and are avaIlable in 
varyIng sizes and degrees of cross-lInkmg. 62 An important qualIty of IOn exchange 
resins is regeneratIon. When the reSIn is saturated WIth removed ions, it may usually 
be washed with eIther the appropriate aCId or base to regenerated the actIve functional 
group, for example a strong aCId cation exchange WIll reqUIre a strong acid to remove 
the collected catIons, and so regenerate the acid functIOnality. 
The advances in polymerizatIOn techmques also provided new opportumties for 
organic chemistry. Before the acceptance of suspension polymenzatton, 'popcorn' 
polymers were developed. These polymers typIcally had a low level of cross-lInking, 
but were hIghly insoluble, with httle or no swelhng capacIty The polymerization 
technique used to generate these early polymers generated two macromolecular forms 
of polymeric product. The first was dense and glassy in appearance (termed 'glassy 
polymer'), which, whIle Insoluble, would swell extensively in benzene. The other 
'popcorn' polymer had a low denSIty, and was perceIved to have greater porosity, 
allowmg solvents and reagents to pass freely within the polymer, while exhIbiting 
httle or no swelhng. In 1959 LetsInger and Hamilton63 dIscovered that if the 
polymenzation process was seeded WIth a styrene popcorn polymer then they 
observed only the desired popcorn product and no glassy polymer. They co-
polymenzed styrene with a boromc ester, using dlallyl maleate as a cross-linkIng 
agent (Scheme 33). 
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Several reactions were carried out on the functionahzed polymer. The boron was 
cleaved from the polymer using hydrogen peroxIde, thIs reaction is assumed 
quantitatIve, as It produced a boron-free (by flame test) polymer. 0-
Phenylenediamine was reacted to yield a dihydrobenzoboradtazole, which proceeded 
m 40% YIeld. The polymer was also hydrolyzed to liberate boromc acId groups. This 
hydrolyzed polymer was seen to absorb 2-ammoethanol from an alcohol-water 
solution 
Sohd phase synthetic work was then predommantly concentrated on the synthests of 
the three classes of blOpolymers, oligopeptldes, ohgonucleotIdes and 
oIigosaccharides. The synthesis of the blOpolymers by classical solution phase 
methods was well developed, but due to the predommance of repetitive step 
sequences within these syntheses, the biopolymers were tIme-consuming to produce 
and available in only poor yields. 
In 1963 Merrifield reported the synthesis of a tetrapeptIde on solid phase 64 This was 
the first reported repetItive step synthesIs carried out on solid support. The polymer 
used was a chloromethylated copolymer of styrene and dlvinyl benzene produced by 
suspension polymerizatIOn. The polymer was in the form of 200-400 mesh beads, 
which possessed a porous gel structure. The polymers swelled m some solvents (for 
example dichloromethane), which permitted ready diffusIOn of reagents throughout 
the polymer. The polymer was cross-linked to a degree of 2%. Both 8% and 16% 
cross-hnked polymers were also tested, but shown to be too rigid to allow easy 
penetratIOn of reagent; through the polymer, re;ultmg m slow and mcomplete 
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reactions Lower cross-linkmg (1 %) produced fragile beads, which disintegrated to 
such an extent that filtratIOn of the product became troublesome. 
Memfield stated the advantages of his sohd phase synthesis to be the simplification of 
the manIpulatIOns reqUIred m peptide synthesis, resultmg m shortened times and 
higher yields, mainly due to the fact the intermediates do not need to be isolated and 
. 
purified Merrifield also suspected that his techniques would provide a feasible route 
to high molecular weight polypeptides, which had preVIOusly been inaccessible. He 
also suggested that this procedure may be amenable to automation 
Letsinger immediately replied by publishing his dIpeptIde synthesis. 65 Using the 
same principles as Memfield, Letsmger used a copolymer of styrene and dlvinyl 
benzene. However, Letsmger carried out hIS work with a popcorn type polymer, 66 
rather than with polymer beads. As a result of thIS, he could create polymers with 0.1 
- 0 5% cross-hnking, whIch allowed greater ease of diffusion of reagents through the 
polymer, but WIthout the dIsintegration problems of Memfield's beads. 
Both groups utilized the solid phase technology in the same way (Scheme 34). A 
generalized scheme is shown for the sohd phase synthesis of a dipeptide using 
Merrifield's methodology. 
The chloromethylated polystyrene first underwent mtration, to aid stability during the 
CBz deprotectlOn stage. The nitrated polymer was then treated with the triethyl 
ammonIUm salt of a CBz-protected ammo aCId to provide the ester hnk between the 
growing peptIde chain and the polymer; this ester hnkage is important because at the 
end of the syntheSIS, the completed peptide chain must be cleavable from the polymer 
WIthout cleavage of any of the mternal amIde bonds The reaction was seen to reach 
completion WIth no racemlzatlOn at the C-terminus. 
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The amine was then deprotected using hydrogen bromide in glacial acetic acid; the 
undesired cleavage of the benzylic ester was prevented at thIs stage by the presence of 
the nitro group, and by limIting the contact tIme between the polymer and hydrogen 
bromide. A second eBz protected amino acid was then added to the polymer using N, 
N' -dicyclohexylcarbodiimide. ThIS reactIon demonstrates an advantage of solid phase 
chemIStry, as the dicyclohexyl urea by product, which is usually dIfficult to remove 
from the solution phase reactIon, can be sImply washed from the polymer. 
FInally, the peptIde chaIn could be cleaved from the polymer WIth synchronous eBz 
deprotection of the final amIne, using sodium hydroXIde. The dipeptide was obtained 
In good YIeld and high purity 
Thu, methodology ha, ,Ince changed only In detdils such as the protecting groups, and 
methods to prevent unreacted chains contamInatIng the product. Merrifield's 
techmque soon became a routine method for peptide synthesis. 
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LetslOger subsequently developed a similar procedure for the synthesIs of 
oIigonucleotides 67 AgalO using the styrene popcorn polymer, he used a repetiuve 
step synthesis to carry out repeated phosphorylation and nucleotide addition 
sequences. The polymer support provided additional selectivity in the reaction over 
the equivalent solution phase synthesIs; both the 3' and 5' hydroxyl groups are 
unprotected, but the condensation proceeds exclusively at the 5' hydroxyl. Scheme 
35 shows an example with thymldlOe undergOing a condensatIOn reaction with a 
polymer-supported phosphate. 
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Scheme 35 
Letsinger proposed that the polymer provided addlUonal steric bulk around the 
phosphorus, allowing only the primary alcohol to access It for the condensation 
reaction 
Ollgosaccharldes are the third class of blOpolymers, and are considered equally as 
important in biological process as the previous two groups However, the formatIOn 
of the glycosidic bond, the hnk between the two monosaccharides, reqUires 
stereocontrol, which is not required for either ollgopeptldes or oligonucleotides. In 
addition to this, as the monosaccharides each contam several similar hydroxyl groups, 
there IS also greater need for reglOcontrol m any synthesis proposed. 
The first proposed synthesis of a tnsaccharide, by Frechet, 68 gave careful 
con\lderation to the prep~r~tlOn of the polymer. The mam concern was to achieve a 
polymer that contalOed functionality suitable for linkage to the glycosidic centre, and 
that contained a handle for cleavage of the final product from the support An allyl 
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alcohol was chosen as a lInkage to a crosslInked polystyrene, which was synthesized 
from chloromethylated polystyrene. This polymer was used to create a disaccharide 
(Scheme 36) and a tnsaccharide. 
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Scheme 36 
This methodology demonstrates two common disadvantages of solid phase synthesis. 
The polymer for this synthesis must be prepared by a five step synthesis from the 
commercial polystyrene, and once used, cannot be reused without extensive 
regenerative synthesis Also, the disaccharide generated contains an unwanted 
residue from the linker, in the fonn of an aldehyde, which may have to be removed. 
The latter problem was solved for thiS synthesis shortly afterwards 69 and is described 
In a report on the solid phase synthesis of isomaltose utilising a light sensItive hnker 
to attach substrates to the polymer support (Scheme 37). 
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The disacchande was synthesized wIth the desired free hydroxyl group after the 
photolytic cleavage of the Iinker, an example of a traceless Iinker. These syntheses 
only gave comparable YIelds to the classIcal solution phase analogues, hence, in 
general, the synthesis of the oligosaccharides on solid phase IS not as advantageous as 
the polypepllde and nucleotide syntheses. 
Bayer 70 first reported the use of soluble polymenc supports. The solubIlIty of the 
polymers allowed the supported reagent to be homogeneous with the reaction nuxture 
throughout the reaction, avoidmg the solid phase problems of diffusion and slow 
reactIOn rates. However, at the end of the reaction, the polymer was still easily 
removed. Initially this was done by ultrafiltratIOn, but later the 'crystallization 
method' 71 was developed, where a suitable solvent was added to precipitate the 
polymer, allowing it to be removed by filtration 
The soluble polymer has many of the advantages of the msoluble polymer, ill 
particular the ease of purification, while avoiding the disadvantages of rigid and 
fragIle beads. The soluble polymers also dIsplayed more favourable kinetics, as the 
problem of dIffusion of the reagents through the rigid polymer supports is removed.72 
Soluble Imear polystyrene was used to provide a support m a Merrifield-type peptide 
synthesIs.73 It was perceived that the advantages of solid phase syntheSIS could be 
maintained, While .Jllowmg more familiar homogeneou; reaction conditions. The 
syntheSIS of a tetrapepude under these condItIOns was achIeved in 1965 74 with an 
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overall Yield of 65%. However, vanous problems were discovered during this and 
subsequent simIlar peptide syntheses 
The reactIOns were carried out in either dioxane or dimethylformamide, and the 
polymer precipitated from the reaction by the addition of water. This resulted in co-
precipitation of some of the reagents, which added to the problems of purification. 
These problems were eventually overcome by carrying out the reactIOns in 
dlmethylformamlde and precIpitatIng the polymer by pouring the polymer solutIOn 
mto a sodium chloride solutIOn However, whIle thiS mInimized the co-precipitation 
of reagents, It also caused the precIpitatIOn of polymer to be Incomplete, particularly 
as the peptide chaIn became elongated. This problem was eventually solved by the 
advent of gel fiItratlOn,75 which maximized polymer retrieval from the reaction This 
in turn allowed shorter chaIn lengths of polymer to be used, With the typical length 
beIng 20 000 MW, compared to the 200 000 MW used In 1965 74 
A final problem that occurred With these syntheses was that of cross-linking. The 
linear polystyrenes were chloromethylated to allow the attachment of the peptides. 
However, as the InItial pepllde attachment step was incomplete, some of the 
chloromethyl groups remained. 76 After several synthetic steps were completed, 
cross-linking between the chloromethyl groups could become suffiCient to cause the 
polymer to become insoluble. While the reactIOn could be continued in a 
heterogeneous manner, this uncontrolled cross-linkIng made the technique unreliable. 
ThiS problem was largely overcome by the productIOn of the polymers by co-
polymenzation of styrene with chloromethylstyrene. This produced a polymer with 
Virtually no cross-hnking, and, when used to support leucine, the coupling reaction 
was carried out In 86 - 99 % yield 77 
The soluble polymers showed an addlllonal advantage over the Insoluble polymers. 
The additIon of pre-formed ohgopeptides (3 - 10 residues) could be performed on a 
growing peptide chaIn on a soluble polymer With the same efficiency as the additIOn 
of a single peptide. The Inablhty of larger molecules to penetrate the pores in the 
more ngld insoluble polymer~ caused couphng YIelds to decrease as the chaIn length 
of the ohgopeptlde to be added Increased 78 
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Various linear polymers have smce been screened for thiS process,76 and 
poly(ethylene glycol) (PEG) has emerged as the optimal polymer PEG has high 
solubIlizmg powers, allowmg even spanngly soluble oligomers to be synthesized In 
solution, and has good crystalhzatlOn properties, allowmg ease of precIpitation. Due 
to the solubihty of the polymer, reactIOns can now be carried out in dichloromethane. 
Due to their chemical structure, amino aCids could be attached to the polymers by 
direct esterification (Scheme 38) 
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The polymer is dissolved In dlchloromethane, and the aminO acid coupled to the 
polymer USing N, N, -dicyclohexylcarbodlimlde The polymer is then removed from 
solutIOn by precipitation with dlethyl ether 
Different chain lengths have been investigated, With the discovery that longer chain 
lengths (10 000 - 20 000 MW) are reqUIred to solubhze the longer ohgomers, 
although a change of solvent from dichloromethane to dimethylformamide can allow 
shorter polymer lengths to be used 
Although PEG can be directly estenfied by amino acids, the cleavage of the final 
peptide is often Incomplete, and attempts to dnve the cleavage to completIOn can 
cause racemlzatlOn of the peptide and other side reactions. Transesterification 
conditions 79 have only recently been developed that allow the quantitative cleavage 
of peptides attached directly to the PEG. Meanwhile, various Iinkers have been 
developed to attach peptldes to PEG. These hnkers have been developed to allow the 
peptide chain to be removed from the polymer in a more complete manner, while 
avoiding the problem of racemlZatlOn 
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A model tetrapeptide synthesized on polymer usmg a photo labile tinker (22) was 
studied using both homogeneous and heterogeneous conditions.8o 
02N~O~O~O~N02 Br~ n ~Br 
(22) 
The photolytic cleavage under homogeneous conditions proceeded m 98% yield, with 
no racemizauon or side reactions from the PEG support. From a insoluble cross-
linked polystyrene support, the cleavage proceeded with only 69% yield. Initially, the 
tinker was attached to the PEG, and the first amino acid added accordmgly. However, 
the solubility of the PEG with tinker attached was poor. The solublhty returned to an 
acceptable level after the addition of the first ammo acid Therefore the solublhty 
problem was avoided by attachmg the first amino acid to the hnker before additIOn of 
the tinker to the polymer.76 
Linkers that are acid, base or thlOllablle 81 have also been created for use in 
homogeneous polymer-supported peptIde synthesis, which allows a larger variety of 
side chains to be contained m the final oligomer The protecting groups present can 
also be tailored to be removed at the cleavage step, preventing the need for a separate 
deprotection strategy. 82 
As with the insoluble polymer supports, soluble polymers have also been employed in 
oligonucleotide synthesis Lmear polystyrene83 was qUickly found to be troublesome, 
the supported nucleotIdes did not precipitate from the pyridine solvent with water as 
expected, causing poor recovery and Yields. A trinucleotide was synthesized on tinear 
polystyrene,84 with a yield of Just II %. 
Poly(vinyl alcohol) was found to be preferable over linear polystyrenes for 
homogeneous polymer-supported oligonucleotide synthesIs, due to ItS increased 
,olubllIty Jnd unproved compatibility for the reJctlon condluons. However, the 
quantity of hydroxyl groups available for nucleotide attachment proved a problem. 
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Even after any unreacted sites had been blocked, the stenc crowding within the 
polymer, With oligonucleotldes containing above five resldues, caused neighbouring 
chams to interact, affecting the reactivity of the attached nucleotides. With lugh 
loading polymers, It was also found that the solublhty of the polymer was affected by 
the nucleotide chains, causing poor preclpltation.85 However, this polymer was. used 
to create a pentanucleotide in an 8% overall yield. 
Poly(ethylene glycol) was agam found to be the oplImal soluble polymer for this 
system Various hnkers and techmques have been employed, with the result that an 
octanucleotide has been prepared in 79% overall yield. 16 As with the homogeneous 
polymeric peptide synthesis, the nucleotldes could be added as short oligomers. This 
technique has now been scaled to produce kilogram quantities of oligonucleotldes 86 
The homogeneous polymer-supported method for this synthesis has been found to be 
less time consuming than classical synthetic methods, and avoids the inefficiency of 
the heterogeneous solid phase procedures. 86 
There have also been attempts to synthesize oligosacchandes on homogeneous 
• polymer supports Polystyrene, poly(vinyl alcohol) and polyacrylamlde16 met with 
similar problems to the other biopolymer syntheses. the preclpltalIons were 
troublesome, and consequently yields were poor. Poly(ethylene glycol) has been used 
with hmlted success, producmg short chains with similar efficiency to classical 
solution phase methods However, this work81 was carned out using direct transfer of 
solutIOn phase conditions, i e. using the standard protecting groups and reagents for 
anomenc control, and gave little advantage over claSSical methods. DI- and 
trisaccharides were produced free from unwanted isomers. 
In summary, homogeneous polymer-supported reaclIon systems have the advantages 
of the heterogeneous systems of ease of punficatlOn, and ease of recovery of 
materials, but additionally they maintam close to solution phase kinetics,88 whereas 
heterogeneous systems usually require conSiderably longer reaction times due to poor 
accessibility of the aclIve sties Consequently It IS easier to transfer a solution phase 
'y~tem to a homogeneous polymer ~upported ~y~tem 
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It is also possIble to analyse fully soluble polymers and their attachments by non-
destructIve methods (such as NMR), WhICh IS not usually possible in insoluble 
polymer systems Various amino acid sequencing techniques89 have been 
investigated for the analysis of polypeptIdes on both homogeneous and heterogeneous 
supports 
WIth both homogeneous and heterogeneous polymeric systems there are restnctions 
on the range of solvents and reagents that can be used for reactions. For 
homogeneous systems, the polymer must be able to dIssolve m the reaction solvent, 
and for heterogeneous systems the polymer must be able to swell sufficIently, to allow 
the reagents to have sufficIent access to the actIve sites wIthm the polymer. For both 
systems, the reagents and condItions used must be sufficiently mIld to aVOId damage 
to the polymer, whether by chemical or mechanical attack. 
The advantages of solid phase syntheSIS can be apphed to the synthesis of smaller 
molecules, and It IS a partIcularly good method for creatmg libraries of smaller 
compounds, exemplifymg the use of polymer supports m syntheses that do not 
contam repetItIve steps The ease of handling of polymer-supported reagents is the 
key to combinatorial chemIstry, allowing large hbranes of small molecules to be 
eaSIly created, although usually in small quantities, WhICh is ideal for biological 
screemng. 90 
A recent apphcation of thIS methodology is the synthesis of ureas by Lmders, 91 who 
has created a lIbrary of unsymmetrlcal ureas using standard solid phase synthesis 
techmques (Scheme 39) 
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An Fmoc protected amino acid was immobilized on a cross-lInked hydroxymethylated 
polystyrene resin. This was then converted to the immobilized benzotriazole urea, 
which was subsequently coupled with a second ammo acid, and finally cleaved from 
the resin with tnfiuoroacetlc acid The presence of a secondary amine such as prolIne 
reqUired a higher temperature to be used, but Linders found no restrictIOn on the 
pnmary amino aCids that could be used in thiS synthesis. A library of over 100 
unsymmetrical ureas was reported 91 
The advantage of using a solid support in thiS synthesis IS the ease of removal of the 
benzotnazole formed after the second couphng step In solution phase this was the 
principal problem in this reaction sequence, while in sohd phase the polymer can be 
washed free of all by-products between steps. 
This type of library can also be created on homogeneous support, such as a recent 
hbrary of imines and ~-lactams produced by Cmquini. 92 The synthesis (Scheme 40) 
mvolves a cycloaddltion earned out on a soluble polymer support The polymer 
support used was monomethyl ether po)y(ethylene) glycol (MeO-PEG). This is 
similar to the PEG discussed earlier, but one end of the linear polymer cham is 
'capped' by a methyl ether functionahty 
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Scheme 40 
The MeO-PEG was subjected to a sequence of synthetic steps, culminating in the 
cycloadditlon of the ketene The two "R" groups in this senes can each be either 
aromatic or ahphatlc. The product was then cleaved from the polymer by acid 
catalysed methanolySlS. The polymer confers good stereoselectlVlty on to the 
product, with dmstereoisomeric ratios of between 85.15 and> 98'2. 
Chiral auxiliaries can also be supported on polymer to induce chirality in a polymer 
supported reaction. Among the first reported solid phase chiral auxlhanes was by 
Kawana and Emoto 93 (Scheme 41). 
1) MeMgI 
2) H 20 
.. 
3)KOH 
4) H30· 
Scheme 41 
58 % e.e. 
The auxlilary was supported on cross-Imked polystyrene, and an enantioselective 
Gngnard reaction was carried out. Acid catalysed hydrolysIs released the desired aCid 
from the auxiliary m 58% e.e. A more effective and simpler chiral auxihary was 
demomtrated by Leznoff 94 (Scheme 42). 
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Scheme 42 
l)LDA 
2)MeI 
.. 
9S % e.e. 
The substrate was attached to the auxiliary resm and the methylation reaction is 
carned out. The reaction generates good Yield and excellent enantioselectivity of the 
desired product 
Chiral auxiliaries which have been developed in classical solution phase methods 
have also been supported on polymers A good example of thIS IS recent work on the 
Evans oxazolidinone 95 Supported oxazolidinones 56 have been used for a variety of 
reaction types (Scheme 43) with good to excellent dmstereoselectivity. 96 
Conjugate 
addltlOn 
~Me 96 % e.e. 
HO l 
Ph 
o 
HO~CN 
Me 
Scheme 43 
Single diasteroomer 
78 % e.e. 
Polymer-supported chlral auxiliaries have a major advantage over the classic solution 
phase chiral auxiliaries m that retrieval IS simplified The auxiliary can impart 
enantio'electlVlty onto the reaction, and once cleaved from the product, the precious 
chiral portion remains attached to the polymer The auxiliary can then be regenerated, 
and reused. However, as the product remams attached to the auxiliary until the 
61 
cleavage step, the auxilIary must of course be present in the reactIOn in stoichiometnc 
quantities. 
Chiralligands derived from common chiral pool reagents are desirable due to their 
ready aVailabilIty. A supported chiralligand derived from ephedrine was reported by 
Hedge 97 (Scheme 44). 
d-Cl OH Et,Zn ~• I Cl ,,:; 93% e e. 
(1) Me Ph 
,-H 
N, OH 
Me 
Scheme 44 
TIlls supported chiralligand has been used for the addition of diethylzinc to p-
chlorobenzaldehYde. The importance of this reaction lies in the enannoselectlve 
formation of a carbon-carbon bond, and is detailed below. 
This type of polymer-supported reagent is amenable to a continuous flow system, as 
the supported lIgand is reqUired to be present in the reaction in low concentrations and 
can usually be reused with little or no loss 1U acnvlty. If the supported ligand can be 
contalUed, for example in a column, reagents can be flow continuously through the 
polymer, and product collected by filtration. 
Ligands supported in this way can also be activated by transition metals, which is 
explored in the following sectIOn 
Rigid polymer supports contain pores of varying sizes, which is unportant for 
diffusion of reagents through the polymer,98 however, pore shape may also be defined 
by the use of templates during the polymenzatlOn process Wulff 99 reported the first 
example of thiS approach in 1973. A template containing boronate functionalIty was 
62 
created from-D-mannose, (23). The template also contained polymerizable styrene 
moieties. 
O 0 0 
-B \ 
(23) 
This monomer was copolymerized with styrene and a high proportion of divinyl 
benzene, creatmg a macroporous polymer wIth a ngId pore structure. The template 
was then removed from the polymer by hydrolYSIS of the boronate linkages, leaving 
. 
chlral microcavities with pendant boromc aCid functlOnahty. The polymer was then 
used for the resolution of a racemic mixture of the original template with up to 87% 
e.e. The resolutIOn proceeded by the retentlon of the D-isomer within the 
macroporous structure, while the L-isomer passed straight through 
The Yield was optimized by a decrease in flow rate through the polymer to allow the 
competitive binding between the two isomers and the bindmg sites to occur. 
However, the chlral structure of the polymer was completely and irreversibly 
destroyed by excess heat. 
Many differing uses for polymers have been developed, and the technology is so 
Widely available that several of these techniques can be combined to produce complex 
solid phase syntheses. 100 The polymers may be combmed in different steps of a 
synthesis (Scheme 45), or, due to the si te isolation provided by polymer supports, 
otherwise incompatible reagents may be present in one pot 57 (Scheme 46). 
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Scheme 45 
The first step of thIs synthesIs shows the combined use of a supported reagent, 
DMAP, with a scavenger. The second shows the use of a supported brominating 
agent, and so the synthesis continues, USIng supported bases, reagents and scavengers 
to produce a hbrary of morphohnes m good purity (50 - 98%). 
Scheme 46 shows the penodate cleavage of a diol, followed by the reductIOn of the 
resulting aldehydes to alcohols. In this example, these reactions cannot easIly be 
carned out in separate steps due to the instability of the intennediate dialdehyde. 
ll0)::t 
HO OH 
HOW 
------.).-~ ) ( 
HO OH f"'Y" NMe3 V -BH. 
Scheme 46 
By mixIng the two re~ins. the reactlOn~ can be earned out synchronously In good 
YIeld, showmg the sohd phase synthesIs to be preferable to the classIcal solution 
phase methods 
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2.3 Scope of Use of Polymer-Supported Reagents. 
One of the main reasons for developing chemistry on polymer support is the ease of 
purification of the supported material and the reaction products. This can be achieved 
by supporting either the substrate or the troublesome reagent. As discussed above, the 
first common reagents to be polymer- supported were phosphines. 
Tnphenylphosphine is a common reagent in organic synthesis, being used as a ligand 
for organometallic reagents, as well as in reactions such as the Wlttlg and Mitsunobu 
However, triphenylphosphine and the standard by-product triphenylphosphine oxide 
can be dIfficult to remove from the desired product. 53 
The first reported polymer-supported triphenylphosphine was used to carry out a 
single Wittig reactIOn to produce slIlbene 101 as a mixture of CIS and trans isomers, 
from benzaldehyde and a supported benzylic Wittig reagent The reaction also 
pr~duced a IDlXture of benzoic acid and benzyl alcohol ~s a result of oxidalIon and 
reduction of the benzaldehyde, wIth the desrred product in up to 60% yield 
Just one year later, HeitzlO2 reported a supported WitlIg reagent that produced yields 
comparable to those achieved in solutIon phase (Scheme 47). 
~ ~ RR'CHBr ~O~ :-o~r,;... n-BuLi l0~ • "'~+ I ~ p p ~ 6 . ~1.0 
R R" 
>=< RI R'" 
Scheme 47 
65 
Heitz created the polymer by chlorination of a divInyl benzene cross-linked styrene. 
The paper discusses the use of two polymers, one of 0.5% cross-linking, the other of 
2% The polymer with lower cross-linking gave consistently higher yields for the 
Wittig reactions than the hIgher cross-lInked polymer. In particular, for the reactIOn 
between the supported phosphonium salt of ethyl bromide wIth 9-
anthracenecarbaldehyde, with the hIghly cross-linked polymer, the reaction does not 
proceed due to the low pore volume of the triphenylphosphine polymer. However, 
with the low cross-linked polymer It proceeded to 66% YIeld. 
ThIs methodology can also be Inversed and used as an integral part of a complex 
library synthesis on solId support (Scheme 48). 101 
RCHO 
.. 
Cl 
NaOH 
J~ 
o Br 
Scheme 48 
The precursor to the Wittig reagent IS generated on to a chloromethylated cross-linked 
polystyrene resin. The reSIn IS treated with tnphenylphosphine and base to produce 
the stabilized yhde, which can then undergo a Wittlg reactIOn. At this stage the 
tnphenylphosphme OXIde IS sImply washed from the polymer, and the product IS 
66 
retained This enables a library of molecules to be developed, with the polymeric 
support allowing a potentially troublesome reagent to be used. 
A similar system has been developed by Hughes, 104 but in this case the 
triphenylphosphine is attached to the polymer and used as a traceless !inker, with the 
substrate be10g constructed on the polymer and the product being cleaved from the 
polymer during the Wittig reaction. 
The use of polymer-supported triphenylphosphine has also been reported 105 in the 
Mltsunobu reactIOn (Scheme 49) 
~PPh3 , 
HO ............ R' DEAD • R~ }-rR 
Scheme 49 
The reactIOn has been demonstrated to produce aryl ethers m good to excellent yields 
with a range of phenols and aIcohols. The removal of tnphenylphosphine oxide is the 
limiting factor on the use of the Mltsunobu reaction, and the authors suggested that 
this methodology will expand the versatility of the reaction. 
Phosphine Jigands are often used m organometallic syntheSIS, and polymer-supported 
phosphines have been used to secure transitIOn metals to polymers. The metals used 
are often expensive and toxic, therefore the ability to retneve the metal used in the 
reaction is valuable. The use of polymer supports faclhtates this, allowing the metal 
activated hgands to be retneved either for reuse or safe disposal. 
Rhodium has been attached to a polymer support in this way 106 (Scheme 50). ThiS 
reaction is analogous to a classical solutIOn phase reaction. However, in solution 
phase, excess rhodIUm must be used to prevent two dl-phosphme units co-ordinating 
to the same rhodIUm IOn, rendenng the complex inactive On polymer support, less 
than ~toichlOmetnc quantltie\ of rhodIUm may be med With no degradation of 
actiVity, due to the site IsolatIOn of the phosphines within the macroporous structure. 
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Scheme 50 
11ns rhodIUm ligand has been used in hydrogenation reactions and resulted in similar 
yields to the solution phase analogue, but decreased optical purity, and in 
hydrosilylation reactIOns, where both Yield and optical purity are improved for the 
polymer supported reagent. The polymer-supported rhodIUm reagent is more stable to 
OXidatIOn than the analogous solution phase catalyst, although some degradation of 
the activity of the polymeric catalyst was observed after being left open to air for 
several hours. This property faclittates the recyclmg of the catalyst. 
The phosphme can also be attached directly to the polymer (Scheme 51). Soluble 
polymer supports (polyethylene) have been used to create thiS rhodIUm complex. 
ThiS complex catalyses the hydrogenatIOn of olefins under homogeneous conditions, 
at a slightly lower rate than the analogous solution phase Wilkmson's catalyst, but at a 
slgmficantly faster rate than the heterogeneously supported complexes 107 
[RhCI(C2H")lh 
.. 
Cl 
Ph \ Ph 
\ Rh I p- -p ~I \ \~  Ph Ph ftJJi1 
P. nf~ 
Scheme 51 
Ruthenium has been supported in an identical fashion and used in the Kharasch 
reaction (Scheme 52) 108 
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This reaction has been achieved for both intra- and intennolecular reacttons and has 
been shown to be comparable in reactivity to the solution phase analogue. Both the 
rhodium and rutheUium pOlymer-supported catalysts, and an additional copper 
analogue, are effective catalysts In the cyclopropanation of alkenes and dienes, with 
good selectivlties and yields comparable to solutton phase analogues With rhodium 
acetate. 
Palladium has been used in solid phase synthesIs as a solid supported catalyst, and 
also with a supported substrate. Trost ss has used polymer-supported palladIUm to 
carry out the cyclization step of his macrolide fonnatton He found that the polymer-
supported reagent was less able to tolerate changes in neighbouring functIOnal groups, 
but, when the reaction did proceed, it was WIth improved yield over that observed 
WIth the solutton phase catalyst. 
There are also examples of a polymer-supported palladium complex with 
triphenylphosplnne Jigands being used in the Stille reaction (Scheme 53). 109 
MmMo 
MEMoJlAI 
o 
OH 0 
MEMO o HO 
Zearalenone 
SchemeS3 
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In this example, the reaction proceeds to generate the macrocycle in hIgher YIeld than 
the solution phase eqUIvalent. The Heck reaction has also been carried out using solid 
phase technology. This reaction has been demonstrated to proceed smoothly 
(comparably to solution phase in YIeld and versatIlIty) with the substrate attached to a 
polymer 110 enabling it to be used in a combmatoriallibrary syntheSIS. 
Chromic acid and chromIUm (IV) based reagents are popular and effective oxidizing 
agents for the conversion of alcohols to carbonyl groups However, they are highly 
tOXIC, photosensItIve and can cause dIfficultIes in product isolation. Several 
techmques for accessmg polymer-supported chromium reagents have been 
investigated. Poly(vinylpyridmium chlorochromate) and poly(vinyJpyridinium 
dIchromate) are polymeric analogues of PCC and PDC respectively. III These 
reagents can be prepared and stored m molar quantItIes, due to the decreased toxicIty 
and mcreased stability of the polymeric reagents. The oxidation reactions proceed 
WIth comparable actIvity to the clasSIC solution phase reagents, however no over-
OXIdatIOn to the carboxylic acid is observed, and the polymeric chromIUm material 
may be regenerated by a SImple process of washing the polymer to remove used 
chronUum and reactivatmg with chromIC acid 
Chromium reagents have also been used to actIvate SIlIca in the form of chromIUm 
triOXIde, I 12 bis (trimethylsllyl) chromate 54 and ammonium chlorochromate. ll3 These 
SIlIca-supported reagents all demonstrate an Increased shelf-life over the solutIOn 
phase reagents, and the abIlIty to react under mIlder condItions. These reagents were 
also observed to produce no over-OXIdatIOn. 
These examples show that chromates are amenable to polymer support, giving 
versatIle reagents that have the advantages of solid phase synthesis Potassium 
permanganate has similar propertIes, WI th examples of support on silica 114 and other 
supports, 115 showing reactlVlty comparable to solution phase, with all the advantages 
of the polymer-supported chromates. 
Mangane'e ha, al,o heen utIlized in a polymer-,upported transitIon metal catalysed 
asymmetnc epoxldatlOn The asymmetnc epoxldatlOn of alkenes catalysed by 
Jacobsen's manganese-sal en complexes is descnbed above (Chapter 1.1). Salvadon 
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116 has developed a polymer-supported manganese-salen complex. The monomer (24) 
was copolymerIzed wIth styrene and dlvmyl benzene to produce a highly cross-linked 
functionalized polymer. 
Q 
4 NNi:h r;~ ~\~ r;~ f _ 00 _ '\( Cl 
'Bu Bu' 
(24) 
This polymer was then employed in the epoxldatlOn reactIOn of substituted styrenes 
by m-CPBA. Impressively, the rate of epoxldatIon with the msoluble polymeric 
catalyst was equivalent to that by the solution phase analogue, even at lowered 
temperatures, however the enantioselectivity was dlsappointmg, rIsing only to 41 % 
e e with optImIzation of substrate and conditIons Catalyst degradation by the 
formation of manganese dlmers is beheved to have been eliminated by the site 
Isolation provided by the polymer support. 
Sharpless allyhc alcohol epoxidation catalysts have been evolved to produce 
polymeric catalysts. Sherrington 117 has reported the copolymerization of ChlfaI 
tartaric aCid wIth dlOls of varying lengths to produce a range of Imear poly(tartrate) 
esters. The use of these polymerIC catalysts with the catalytic Sharpless epoxldation 
conditions (titanium isopropoxide, TBHP, mol. sieves) produces epoxides of 
moderate to good e e 
Sharpless dihydroxylallOn conditions have also been investigated for use on 
polymeric supports The support of the osmIUm reagent would be advantageous due 
to the tOXICity and expense of the metal Song 118 has developed a polymerIC cinchona 
alkaloid - osmIUm complex which may be used with the standard Sharpless 
dlhydroxylatlOn condItIon; (K3Fe(CN)6. I-butanol/water) dIscussed above (Chapter 
1.X). Homopolymerization of the monomer (25) afforded the ligand which was then 
complexed to the osmIUm tetroXIde. 
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The polymeric osmium complex was easily removed from the reaction mixture. The 
polymeric reagents were shown to induce catalytic and enantioselective properties 
within the reaction that are equivalent to those m claSSical solutIOn phase. In addition, 
the polymer was successfully recovered and recycled with no loss m 
enantioselectlvity The shght loss of catalytic ability IS believed to be due to loss of 
osmIUm during the filtratIOn stage of recovery. 
Reduction of carbonyl groups to alcohols can be achieved by a polymer-supported 
zinc borohydride.119 The borohydride was attached directly to a cross-linked 
poly(vmylpyndine), and used for a range of reductions of aldehyde and ketones, 
proceedmg III good Yield and with excellent chemoselectlvlty. However, the 
enantioselectivity of the reduction of prochiral ketones has not been commented upon. 
Asymmetric reductions can be carried out using polymer-supported chiral 
oxazaborolidines. Caze 120 has developed the polymeric catalyst (26). 121 This 
catalyst was created by the treatment of bromo-methylated polystyrene with 
trimethylborate to generate a polymer supported boronic acid. This was then treated 
with the chlral (-)-norephedrine to afford the polymer shown below. 
(26) 
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This polymer was then used in conjunction with borane-dimethyl sulfide complex to 
reduce prochlral ketones to secondary alcohols m up to 89% e.e Caze also 
investigated linkmg the polymer directly to a chiral aminoalcohol (27). 122 
(27) 
This polymeric chlral reagent was then treated WIth sodium borohydride to form a 
polymeric chiral oxazaborohdine which could be Isolated then used to reduce 
acetophenone in up to 74% e e. however, stoichiometric quantlties of the reagent were 
required. 
Itsuno developed a simIlar system using a polymer-supported tyrosine-derived ligand 
(28) 123 
(28) 
The actIve reducmg agent was prepared in situ by reaction of the chiral polymeric 
reagent wIth borane and used to reduce a range of prochiral ketones with moderate to 
good enantioselectlVlty. 
Wandrey's homogeneous polymeric oxazaborohdme catalyst (29) has been shown to 
reduce a range of prochlral ketones in up to 98% e e with Just 10 mol% catalyst 
present m the presence of stoichiometnc borane-dimethyl sulfide complex as reducing 
1'4 
agent. -
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(29) 
Reductions can also be carried out using radical methods. Organotin hydrides are 
often used m the reduction of alkyl halides to hydrocarbons. However, the toxic tin 
residues are difficult to remove from the product. Polymer-supported organotin 
compounds have been r~"ported. 125 Several tin 'species were investigated, and 
poly(ethylene)-supported dl-butyl tm hydride was demonstrated to be the most 
efficient, givmg rates equivalent to that of classical solution phase methods. The 
polymer was recycled five times and shown to display little or no loss in reactivity 
(Scheme 54). 
H 
Br 
100% yield, 18 h 
Scheme 54 
The range of reactions mvestigated here gives an idea of the adaptability of the soltd 
phase methodology, With examples to represent the major advantages of solid phase 
chemistry. 126 The initial utility of Memfield and Letsinger's idea m repetitive 
syntheses has been exploited in almost all areas of synthetic chemistry, includmg use 
in the important field of chiral catalysIs. 
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3.0 Linear Aminoalcohols 
3.1 Introduction 
Natural amino aCIds are the constituents of proteins, which are a typical biopolymer, 
and hence have generated interest as bUlldIDg blocks for organic chemists, but they 
are also useful substances as chlral auxllianes and hgands. There IS a wIde range of 
natural amino acids available ID the chlral pool, and conseguently a range of 
enantiomerically pure reagents IS readIly available. ~-AmIDoalcohols are also 
prevalent ID natural products, such as nucIeosldes, and these can be catalytically 
active ID enantioselectlve reactions. 
SIDce the first report of the enantlOselectlve addl!lOn of diethylzIDc to benzaldehyde ID 
the presence of a catalytic quantity of (S)-Ieucinol in 1984 127, aminoalcohols have 
been under continuous IDvestlgatlon for thIs and other enantioselectlve reactions. 15 
~-Aminoalcohols are readily available by reduction of the parent amino aCId, so if any 
simple denvatlve can be found to induce catalytically a high degree of chirallty ID a 
reaction, there IS potentIal to generate large quantitIes of complex chiral material from 
a small quantity of SImple, readIly avaIlable chlral ligand. This factor makes ~­
aminoalcohols an attractive proposItIon for developIDg new methods 10 asymmetnc 
syntheSIS. 
The initIal report was by Ogum and Omi 127 who demonstrated the potential for the 
use of the ~-amIDoalcohols as chlral hgands, but theIr use of (S)-Ieucinol induced only 
sufficient enantlOselectlvlty in the addItion of diethylzinc to benzaldehyde to generate 
an e e. of 49 % ID the resulting I -phenyl propanol (Scheme 55). 
Et,Zn ~ 
J !lH, • 0 
~"'--\....OH 
Scheme 55 
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49% e.e. 
Noyon has carried out extensIve work on the mechanism of the addition of di-organo 
zmcs to aldehydes, concentrating on the tranSItion state formed between the chiral 
lIgand and the zmc specIes. 128 The mechamsm, as illustrated below by the addItion of 
dlethylzmc to benzaldehyde (Scheme 56) involves the co-ordination of the first 
molecule of diethylzinc, causing the loss of one of the ethylligands to allow the zinc 
to bind covalently to the oxygen of the chlral lIgand and to co-ordinate to the nitrogen. 
A second molecule of dlethylzinc IS co-ordmated to the oxygen of the ligand. The 
chiral influence of the lIgand on the complex causes the benzaldehyde to approach the 
least hindered side of the transition state complex. An ethyl group IS then transferred 
enanlloselectively from the zmc to the re face of the benzaldehyde. Collapse of the 
complex causes the chlral product to be released, and the ligand to be freed to re-
complex with two fresh molecules of diethylzmc. 
I znJ 
, 
R'Xo'\ Zn 
R" i~ R, 
Scheme 56 
It can be clearly seen from this model that to induce a hIgh level of enantioselectivity 
in the reaction, the ligand should possess stenc bulk around the a and ~ posItions of 
the amme. The model shows a generic ~-aminoalcohol. An ammoalcohol derived 
dIrectly from reduction of a natural ammo acid WIll contam a primary alcohol, 
determming R' as a proton. The SImplest ammo acid - alamne - would produce an 
aminoalcohol where Rn is a methyl group Oguni and Oml's (S)-Ieucinol contains Rn 
:., an Iso-butyl group ThIs llnpart~ a little ~teflc bulk. but only sufficient to generate 
an e e. of 49%. 
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The catalytic abihty of the ligands is presumably derived from tbe ability of tbe ligand 
to co-ordinate to two dletbylzinc molecules in close prOXimity. 
Numerous aminoalcohols have been developed to catalyse this reaction. There have 
been many examples of hgands directly derived from tbe common ammo acids such 
as tryptophan. 129 LIgand (30) is an mterestmg example, as whIle it induces good 
enantloselectlvity (up to 97 % e e.) in both aromatic and ahphatic aldehydes, it 
reqUIres long reaction tImes (4-5 days) to do so. 
Et 
Et 
OH 
(30) 
A reaction time of up to five days is not a problem for most of tbese substrates, as 
although the background reaction generates a small quantity of tbe secondary alcohol, 
there IS not enough produced to be a major factor in the reduction of 
enantioselectivlty. However, With some substrates, for example, 2 and 4-
pyridinecarboxaldehyde, the enantloselectivlty of the reaction is poor, givmg 5 and 
8% e.e. respectively. This has been explained by tbe autocatalytic behaviour of tbe 
product of tbe reaction. The product IS an aminoalcohol, and therefore able to act as a 
hgand, however, even in ItS enantlOmencally pure form, it IS a poor chlralligand for 
thIS reaction. As the active hgand is present at only small concentrations, tbe product 
as it is formed can qUIckly compete for tbe position in the zinc complex, causing the 
enantlOselectivity of the reaction to become Increasingly poor. 
A range of ligands has been developed by PalmierL130 The group has investigated tbe 
mfluence of a second stereocentre on the efficacy of the hgand Both chiral centres 
are in the a position relative to tbe amme, so should Impact strongly on tbe transition 
state (Figure 9). 
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Ligand (32), containing both asymmetric centres, induces an e.e. of 89% in the 
addition of diethylzinc to benzaldehyde In the same reaction,ligands (31) and (33), 
contaming only one asymmetric centre, gave only 16 and 42% e.e. respectively. 
Salvadori et al. investigated a sirruIar effect 116 looking at the consequence of using 
opposite diastereoisomers (Figure 10). 
Ph"-./'- ~ ~ U Ph Ph"-./'- A ~ U Ph 
OH OH 
(34) (35) 
Figure 10 
Diastereoisomer (35) unparted good enantioselectivity on the additIOn of diethylzinc 
to benzaldehyde (88%), whereas dtastereoisomer (34) gave poor selectivity. This 
demonstrates the advantage of additional asymmetric centres, but the asymmetric 
centres must be working in synergy. 
The desirable qualities in a ligand of chirality, steric influence and chemical inertness 
are displayed well by substituted ferrocene compounds. This has led to a number of 
ferrocene-based aminoalcohols to be developed as chira1ligands. Nlcolosi et al. 131 
demonstrated the use of a sunple ferrocene (36) containing only planar chuality. This 
ligand catalysed the addition of piethylzmc to benzaldehyde in 82% e.e., With similar 
e.e. values being obtained for aliphatic aldehydes. 
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This ligand has been shown to display a reasonable level of enantioselectivity with a 
good range of aldehydes. 
The ferrocene may also possess substituents that contain asymmetnc elements. 
Watanabe 132 has developed a range of ligands WIth this property e.g. ligand (37), and 
has demonstrated theIr effiCIency as chiralligands. 
-.....;~~ OH 0 
J;;~ 
(37) 
The ligand shown catalyses the addition of dimethylzmc to benzaldehyde in 98% e.e., 
and of diethylzinc to a variety of aldehydes, mcluding ferrocenecarboxaldehyde, in 87 
-98% e.e 
The ferrocene component of the lIgand is also effective when used as a subslItuent on 
a ~-aminoalcohol lIgand (38) 
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Pehnski has developed this hgand, which contains the ferrocene component WIth the 
chirahty provided by the aminoa1cohol component 133 This hgand induces e.e. values 
of up to 95% in the addItIOn of dlethylzInc to vanous aldehydes. The group have also 
created the dlastereOlsomer of this ligand, and discovered It Imparts a slightly lower 
enantioselectlVlty on the addItion of dlethylzInc to benzaldehyde (73%). 
Kragl et at have developed a tyrosine derived aminoalcoholligand (39). 134 This has 
been shown to Induce good enantioselectivlty in the addition of diethylzinc to both 
aromatic and ahphatic aldehydes, the reaction WIth benzaldehyde proceeds at good 
rate (8 h for complete conversion at 0 0c) and excellent e.e (93%). 
(Y0-QJ-+~ nBu Ij ~ - n Bu 
- nBu-N OH 
\ 
nBu 
(39) 
ThIs ligand shows potentIal for use on polymer support: The presence of the benzyl 
protecting group on the phenohc hydroxyl group can be seen as a mimic for a 
polymer, and is demonstrated not to inhIbIt the reaction. 
This project IS concerned with the development of a tyrosine-based ligand on polymer 
support. Initially, a SImple tyrosInol was to be developed, containing primary alcohol 
and amIne group~. and If ~uccessful. the lIgand could then be developed to contaIn the 
tertIary groups as demonstrated successfully by Kragl. 11-1 
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3.2 Synthesis of a Tyrosine Polymer 
Endo recently synthesized a poly(methylmethacrylate) incorporating optically active 
aminoalcohols, namely (L)-phenylalaninol 135 Two polymers were created; the first 
contained a link to the polymer through the hydroxyl group of the (L)-phenylalaninol 
and the second through the amine (Scheme 57). 
Jyo):j) I) .. Oy):j) . "~o -& 
0 0 
~:-CO i) .. o I -CO oJl~ -& 
i)AffiN,DMF. 
Scheme 57 
These polymers demonstrate the methodology of co-polymerization. By creating 
functional polymers In this manner, the active species is an integral component of the 
polymer. The alternative IS to functionalise a commercial resin, for example 
Memfield resin. The principal advantage of the co-polymenzation techmque is the 
lack of unreacted acti ve sites. 
In the first of these two polymers, the amme is protected by a BOe group This is a 
common protecting group for amines, and Endo has demonstrated the ability to 
deprotect the amine after the polymenzatlOn has taken place, 135 with no damage to 
the polymer (Scheme 58). 
BOC'tlH ~ I) OyO~ -ii-) - .. ~ 
o 
I) HBr. AcOH; 11) K~CO, 
Scheme 58 
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The deprotection is carned out using hydrogen bromide in the presence of acetic acid. 
This generates the hydrogen bromide salt of the free amme, which is then neutralized 
with potassium carbonate to produce the fully deprotected amine on the polymer 
support. 
The mlllal aim of this project was to create a ~-ammoalcohol, derived from tyrosine, 
on a polymer support The positIOn of the attachment to polymer support was to be 
through the phenolic hydroxyl group, as demonstrated by Kragl. 134 The combination 
of the work of Kragl and Endo allows a retrosynthetic plan for a polymer supported 
tyrosmol to be constructed (Scheme 59). 
OH 
NH, 
~> ---f 
o}-O 
OP 
NP, 
Scheme 59 
> HO 
OH 
OP 
NP, 
Endo has shown the POSSibility of co-polymerization of a suitable protected monomer 
followed by deprotectlOn of the polymer As the polymensable group was to be 
attached to the phenolic hydroxyl group of the tyrosine denvative, protectIOn of the 
ammoaIcohol as well as the amine was essential. The co-polymerization was to be 
carned out with methyl methacrylate, so a polymensable group analogous to thiS was 
chosen to functlOnahse the phenolic hydroxyl. ThiS analogy to the co-monomer is 
Important, as It should ensure that the active monomer is incorporated randomly into 
the polymer. If one monomer is more reactive, then a block co-polymer may be 
produced, which could provide inconSistenCies m polymer composillon within 
llifferent ~ample\ from Ihe same b,itch 
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BOC group protectIOn was chosen for the amine, as this protecting group has been 
removed from the amine without damage to a methacrylate polymer. In order to 
protect the ~-ammoalcohol component, the formation of an oxazolidine was planned. 
This protection strategy ties the amme and alcohol together, and the oxazohdme 
should be deprotected synchronously with the BOC group in the presence of 
tnfluoroacetic acid (Scheme 60). 
HO~ 0yOMe 
~ NH, 
.HCI 
. H0'O):0 OMe 
I) • 1 
,-;; 
J:k 
(41) ° ° 
ii) ... 
H0'Qj:0H 
1'<::: 
,-;; NH 1..-
H0'Qj:',-;;" 0'1--iii) .... .. 
(42) 0J-...0..x..... 
iv) 
.. JyO~ (0\/ 
o ~/'-
(44) J.... k 
o 0 
I) K2CO" ('BOChO, 'BuOH (74%), 11) NaBR!, CaCh, THF (88%); 111) BF3.Et20, 
DMP, Acetone (94%); IV) C3H5C02H, DCC, DMAP, DCM (70%) or C3H5COCl, 
NEt3, THF (80%). 
Scheme 60 
The (L)- tyrosme was sourced as the commercial (L)- tyrosine methyl ester 
hydrochlonde salt. This salt was neutrahzed with potassium carbonate, and then 
protected with'tert-butyl dicarbonate to give (41) by the method of Marming. 136 The 
reductIOn of the N-protected tyrosine was effected by sodium borohydnde m the 
presence of calcium chlonde (42) The reaction does not proceed in the absence of 
the calclllm chloride, which allows calclllm borohydride to be formed ill situ during 
the reflux stage of the reactIOn, 117 before the additIon of the substrate Studies of 
activation of sodlllm borohydride have been carned out by Utlmoto, 138 who 
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demonstrated the use of calcium, lanthanum and other metals as counter-ions. This 
reaction was also attempted, unsuccessfully, using commercial lithium borohydride as 
reducmg agent 
The ~-aminoalcohol protectIon was effected smoothly by the method of Taylor 139 to 
generate the fully protected tyrosmol (43). This was then functlOnaIized to afford 
monomer (44). This acylatIOn was camed out by two techniques. The fIrst was a 
classic couplmg reactton using I, 4-dicyclohexylcarbodiimide in the presence of 4-
dimethyl aminopyridine This afforded (44) in reasonable yield, but the 
dlcyclohexylurea proved dIffIcult to remove, so a coupling using the acid chloride of 
the methacrylate was adopted 139 
Although the aCId chlonde technique is faster and higher yieldmg, m subsequent 
syntheses, only the I, 4-dicyclohexylcarbodiimide coupling technique was used We 
found the removal of the urea by-product less troublesome with substrates other than 
tyrosme. 
The monomer (44) must now undergo co-polymenzation with methyl methacrylate. 
The polymerization technique chosen was that of bulk radical polymenzatton. 139 In 
this procedure, the radical initiator is dissolved m a mIxture of the monomers, and the 
solutIOn heated to acti vate the mitlator (Scheme 61). 
i) Benzoyl peroxIde (79%). 
Scheme 61 
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The radical imtiator chosen was benzoyl peroxIde. This IS an organic soluble 
mltlator, which allows It to be used for bulk polymenzations. It is active at 
temperatures between 90 QC and 130 QC. The benzoyl peroxide and the monomer (44) 
were dissolved in methyl methacrylate (16 eqUivalents relative to (44», and the 
solution heated to 100 QC for 30 minutes. After coohng to room temperature, the 
residue was recrystallized from dIchloromethane I petroleum ether. 
The polymer was produced as a fine white powder, which was dried under vacuum at 
60 QC for two days to achieve constant weight. The polymer was found to be soluble 
in several common orgamc solvents (dichloromethane, chloroform etc.), but is easily 
removed from solutIOn by the addItion of petroleum ether, demonstrating its potential 
for use as a homogeneous polymer in solid phase organic chemistry. 
Elemental analysis of the polymer allowed the loading of tyrosine ligand on 
methacrylate to be calculated from the amount of mtrogen present The loading of the 
polymer was shown to be 0.5 mmol/g, which is equivalent to a ratio of 16: 1, 
methylmethacrylate: tyrosme ligand This IS in good agreement with the proportions 
of hgand to methyl methacrylate used in the radical co-polymerization. 
In order to obtain the supported tyrosinol as the free ~-aminoalcohol, the deprotection 
of both the amine and the alcohol was carned out. The polymer was dissolved in a 
co-solvent system of dichloromethane and methanol, and treated with trifluoroacetIc 
aCid (Scheme 62). 
The aCid treatment IS believed to have effected the deprotection, however, it also 
cleaved the phenohc ester hnkage from the tyrosine to the polymer backbone, 
removing the actIve ammoaIcohol species from the polymer. The polymer retneved 
was found to have an optical rotation of zero, and when compared by both proton 
NMR and IR spectroscopy to a blank methacrylate polymer (prepared by the 
homopolymenzatlon of methyl methacrylate under COndItIOnS Identical to those used 
to prepare (45» was found to be Identical. 
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~O'A (OH O~ 
(46) 
I) 1FA, MeOH, DCM (0%) 
Scheme 62 
NH. 
Alternative conditions for the deprotection step were then considered, however, we 
felt that if the polymer was prone to decomposition In acidic conditions, then it may 
not be Ideal for sohd phase synthesIs. The polymers used for solid phase synthesis 
must not interfere with the reactions the supported IIgands are participating In, and the 
polymer must be stable to any conditions that may be applIed to it. The range of 
reactIOns that could be carned out m the presence of this polymer would be restricted 
to those avoiding the use of acid. 
The labllity of this ligand In the presence of acid is believed to be due to the presence 
of the phenolic ester lInkage If the phenyl ring were to be removed then the ester 
hnkage might prove sufficiently stable for the ligand to remam on the polymer In the 
presence of tnfluoroacetic acid. 
3.3 Synthesis and use of Serine and Threonine polymers 
Methylmethacrylate polymers containing senne denvatlves have previously been 
synthesized. 140 North et al produced a protected senne monomer, which was 
Mlb.,~qll~ntly co-polym~riz~d with m~thylmethacrylate. This group expenmented 
with a triphenyl methyl (tntyl) protectmg group for the amme, but found the bulky 
structure could mterfere with the structure of the resulting polymers. They felt that 
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the use of the BOC protectmg group eliminates this problem. The carboxylate group 
was protected by a benzhydryl functionailty. The co-polymer produced then 
underwent deprotection with trifluoroacetic acid to provide a polymer supported (L)--
serine. 141 
The serinol intermediate contains the desired two hydroxyl groups although in this 
case they are not differentiated by the phenyl ring. so must be differentiated before the 
reduction of the acid moiety Beyond this. our strategy for the preparation of a 
protected sennol monomer was essentially the same as for the tyrosinol derivative 
(Scheme 63). 
;
- OH 1) 
HO .. 
NHl 
Meo;:,--=u~)-l1.~ 
o (47) 0 .Hel 
I)AcCI. MeOH (100%); ii) NEt3. ('BOChO. THF (77%); iii) BF3.Et20. DMP. 
Acetone (86%); iv) NaBH.. CaCh. THF (84%); v) C3H5COzH. DCC. DMAP. DCM 
(57%) 
Scheme 63 
(L)-Serine was protected as the methyl ester hydrochloride (47) by the use of 
methanol in the presence of acetyl chloride. This salt was then neutralized by 
tnethylamine. and the amine protected by teTt - butyl dicarbonate to give (48). 142 
In the synthesis of the tyrosine monomer the next stage was to reduce the ester to the 
alcohol However. if the same were to be repeated here. then an achrral compound 
would be produced (Scheme 64). DifferentiatIOn of the alcohol groups would then be 
troublesome However. the problem can be avoided by restructuring the synthetic 
route. 
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i) NaBH.. CaCh 
Scheme 64 
The aminoalcohol protection as an oxazohdme was carried out prior to the reductIon 
of the methyl ester. Both procedures were carried out smoothly using the 
methodology established in the synthesis of the tyrosine mono mer. ~s protectIon 
strategy allows the hydroxyl groups to remain differentiated. 
The methacrylate group was coupled to the free hydroxyl moiety. by the use of 
methacrylic acid and 1. 4-dtcyclohexylcarbodiimide in the presence of a catalytic 
quantIty of 4-dtmethy I aminopyndine. 
Co-polymerization of the monomer (51) with methyhnethacrylate was irutially carned 
out under the same conditions as for the tyrosme polymer. However. after 30 minutes 
at 100 DC. the reaction mixture was found to contain only the monomer (51) The 
reaction ttme was increased to 19 hours. and the reactIon mixture was found to have 
sohdlfied to produce (52) as a white solid (Scheme 65). 
i) Benzoyl peroxide (52%). 
Scheme 65 
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The polymer produced was swollen in dichloromethane for washing, and precipitated 
with petroleum ether to produce a white powder The polymer was found to be 
insoluble, but swelled in some solvents (dlchloromethane"chlorofonn, 
dimethylfomamide, toluene) and then to precipitate in most others (including water, 
on which It floats). 
These physical charactenstics make the polymer promising for heterogeneous sohd 
phase synthesis. The reactions could be carried out ID suitable solvents to allow the 
polymer to swell, which could allow reagents to reach the active sites within the 
polymer, and the polymer can be easily removed by precipitation with a common 
solvent such as diethyl ether. 
If spread into a thin film while gelatmous, then allowed to dry, this polymer formed a 
flexible disc. These characteristics of insolubility and lack of brittleness suggest that 
the linear polymer must have a relalively high molecular weight It is interesting to 
note the insolubility of this monomer ID comparison to the tyrosine analogue. 
The deprotection of (52) was carned out by the use of trifluoroacetic acid in 
dichloromethane (Scheme 66). This yielded the trifluoroacetate salt of the polymer-
supported free arninoalcohol This was neutralized by the addillon of tnethylamine to 
the gelatinous polymer in methanol, causing a wlute precipitate to fonn. The polymer 
was removed from the reactIOn and washed in dichloromethane, with diethyl ether 
used to precipitate the polymer to fonn a white powder. 
i) TFA, DCM; Et3N, MeOH (90%). 
Scheme 66_ 
Although the polymer remained completely insoluble, proton NMR spectra of both 
(52) and (53) were obtained from a concentrated chloroform gel of the polymer. The 
89 
loadmg of the polymer was calculated from the percentage of nitrogen present 
accordmg to elemental analysis. The loading of polymers (52) and (53) were seen to 
be m good agreement with each other (0 6 mmol/g). The amount of monomer (51) 
incorporated mto the polymer IS also in good agreement with the proportion of 
methacrylate m the co-polymer preparation (1:14). 
Polymer (53) was then tested as a ligand in the addition of diethylzmc to 
benzaldehyde (Scheme 67). 
I) 5 mol% (53), Et2Zn, PhMe, 48 h. 
Scheme 67 
The addition stages of the reaction were carried out at 0 °c, then the reaction was 
allowed to reach room temperature and stirred for 2 days After this time the reaction 
was seen to have proceeded to complete conversion by 400 MHz proton NMR 
spectroscopy. The polymer was removed by simple filtration to leave the I-phenyl 
propanol alone m solution. HPLC analysis (Chlracel OD) showed the I-phenyl 
propanol product to have an e e. of 8%. 
The poor enantlOselectlvity was disappointmg, and one possible reason for thiS was 
the reaction temperature. Tanner 141 has found that With some hgands, reducing the 
temperature may increase the enantlOselectivity of the reaction. The reaction was 
therefore repeated, mamtaimng the reaction at 0 °c for 2 days. At the end of thiS 
time, the reactIOn was found to have undergone only 60% conversion from 
benzaldehyde to I-phenyl propanol by 400 MHz proton NMR spectroscopy. The 
level of enantlOselectlVlty of this chilled reaction was found to be even poorer than the 
prevIOus reactIOn, With the I-phenyl propanol being produced m only 4% e e. 
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The reduced temperature visually appeared to reduce the swelling propertIes of the 
polymer. In this case, then in addItion to the cooler temperature, the reaction may be 
being slowed by the restricted access of the reagents to the active ligand sites within 
the polymer. However, due to the overall poor performance of this polymer-
supported ligand, It was decided to alter the active ligand specIes before considering 
any alteratIOns to the polymer structure to facihtate access. 
In the addItion of dlethylzInc to benzaldehyde, the rate of the background, non-ligand 
catalysed reaction IS seen to be low at room temperature, and negligtble at 0 °c. 
Therefore, as the reac'tion proceeded to 60% converSIOn in the presence of the 
polymer at 0 °c, It can be assumed that at least some of the active sites on the polymer 
are accessIble 
As mdlcated above, several research groups have suggested that the additIOn of a 
second chlral centre m the hgand can improve the abIlity of the ligand to induce 
chirality in the test reaction Therefore, our investigatIon progressed from the serine-
derived hgands to those derived from threonine 
Threonine possesses a SImIlar structure to serine but has an extra methyl group in the 
~ position relative to the amine. In addItion to the extra chlral centre, threonine also 
contains a secondary alcohol, whIch may contnbute steric influence in the transition 
state. 
The synthetic route to access the threonine monomer (Scheme 68) closely resembled 
that used for the serine monomer. 
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o (54) 0 .Hel 
i)AcCl, MeOH (100%); ll) NEt3. (,BochO. THF (77%); Ill) BF3 Et20. DMP. Acetone 
(86%); iv) NaBH., CaCh. THF (84%);' v) C3HSCOzH. DCC. DMAP. DCM (57%) 
Scheme 68 
The threonine was purchased as the free amino acid and was esterified using the 
established procedure of the addItion of methanol in the presence of acetyl chloride. in 
order to generate the hydrochloride salt of the threonine methyl ester (54). The 
aminoalcohol underwent complete protectton by treaUUent with BOe anhydride 
followed by 2. 2-dunethoxy propane. to produce (56). The ester was then reduced. 
using sodium borohydride in the presence of calcium chloride. The free hydroxyl 
group was then esterified by the addItion of methacrylic acid to produce the threonine 
denved monomer (58). The synthesis proceeded smoothly with yields comparable to 
that for the synthesis of the serine-derived monomer. 
The monomer (58) was then subjected to co-polymerization with methylrnethacrylate 
The co·polymerization was implemented using the techniques as described above. 
The radical initiator and the threonme ligand (58) were dIssolved in 
methylrnethacrylate and heated to 100°C for 19 h (Scheme 69). 
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i) Benzoyl peroxide (81 %). 
Scheme 69 
The co-polymerization yielded the polymer-supported ligand (59) as an insoluble 
white powder. Elemental analysis showed the polymer to contain 0 6 mmol/g 
threonine ligand This is equivalent to a rallo of 13:1 methylmethacrylate: lIgand 
The feed ratio in the polymerization was maintained at 16.1; this distortion of the rallo 
in the resulting polymer suggests that the threonine monomer polymerises more freely 
than either the serine or tyrosIne monomers or the methyl methacrylate Due to the 
increased molecular weight of the monomer however. the mmol/g loading remains the 
same. 
Higher loadIng resins are commercIally available and have the advantage of requiring 
less bulk of polymer to be used in the reaction in order to retain the same active 
concentration A loadIng of 06 mmol/g IS considered to be low loading. 
The polymer (59) was subjected to deprotection USIng the strategy described above 
(Scheme 70). 
Gyo):O)( I) • 
(59) ° Jk 
° ° i) TFA. DCM; NEt3. MeOH (62%). 
Scheme 70 
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The deprotection with trifluoroacetic acid, followed by neutralisation of the 
, 
trifluoroacetate salt with triethylamine in methanol, proceeded smoothly to yield (60) 
as a white powder. As in the case of the senne polymers, (60) was produced as an 
insoluble white solid, which swells extensively in selected solvents, and precipitates 
in others. Proton NMR spectra have been obtamed of gels of both (59) and (60), and 
the deprotection of polymer (59) to produce (60) can clearly be seen by the 
disappearance of the methyl groups from both the BOC and oxazohdine groups. 
Polymer (60) was then investigated as a ligand for the addition of dlethylzinc to 
benzaldehyde (Scheme 71). 
o d'H 
i) 5 mol% (60), EtzZn, PhMe, 48 h. 
Scheme 71 
As with the tests on the serinol polymer, the reaction was carried out initially with the 
reagents added at 0 cC, with the reactIon subsequently allowed to reach room 
temperature for 2 days of reaction. At the end of this time, the polymer was simply 
filtered from the reaction mixture, and the filtrate subjected to 400 MHz proton NMR 
spectroscopy, which showed a conversIOn of75% from benzaldehyde to I-phenyl 
propanol (Scheme 71) HPLC analysIs (Chiraeel OD) showed the I-phenyl propanol 
to have an e.e. of Just 3%. 
The test reaction was repeated, with the reaction environment being maintained at 0 
°c for the entire 2 day reactIon tIme. Under these COnditIOnS, the reaction was shown 
to have proceeded to 70% conversion of benzaldehyde to 1- phenyl propanol by 400 
MHz proton NMR spectroseopy, with no enantIoselectivity (0% e.e.) observed by 
HPLC analysis (Chiraeel OD). 
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The enantioselectivity mduced by all of these polymenc catalysts in the addition of 
diethylzmc to benzaldehyde IS poor. The reaction proceeded to good conversion, 
even at low temperature, so it is unlIkely that the polymer support is to blame for the 
poor enantlOselectlVlty, unless the polymer itself is catalysing the reactton. If this is 
the case, then the poor enantioselectivity would be explamed by the competitive 
catalysis of the achiral polymer, which is present In much greater proporuon than the 
chiral ligand attached. An important qualIty of a polymer used in solId phase organic 
synthesis, parucularIy in its use in asymmetnc catalysIs, IS that it must take no part in 
the reaction for this reason. 
A 'blank' methyl methacrylate polymer (61) was created for use in data companson, 
and was added to a test reactIOn of the addition of dlethylzinc to benzaldehyde in the 
absence of added ligand. After reaction at room temperature for 5 days, the 
benzaldehyde was retneved quanutatively from the reaction, With no trace of I-phenyl 
propanol being present 
This was unexpected, as the reaction was expected to proceed at a background rate to 
produce a small quantity of racemic I -phenyl propanol The absence of any reaction 
suggests that the methyl methacrylate inhibits the background reaction. If it does 
participate In this way in a lIgand catalysed reactIOn, thiS could be used to advantage 
A lIgand that produces high enantioselectlVlty, but a slow reaction rate, can only 
compete poorly with the racemic background reaction, lowering the overall 
enantJoselectivity of the reaction. Therefore, if this ligand could be supported on a 
methacrylate polymer, the enantioseleclivity of the reaction could be enhanced by 
effeclively removing the background reactIOn. 
The inhlbitton of the addition of diethylzinc to benzaldehyde by the polymer 
backbone eliminates the polymer as a cause for the poor enantlOselectivity in the 
polymeric lIgand catalysed reacttons Therefore the lIgand structure was assumed to 
be the cause of the poor enantJoselectlVl ty in the addItIOn reactions. 
A ~ummary of the re~uIt~ gaIned for the enantlO~electlve additIOn of diethylzinc to 
benzaldehyde in the presence of catalytic quantities of polymer supported IIgands (53) 
and (60) is shown below (Table 1). 
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Table 1. The addition of diethylzinc to benzaldehyde in the presence of polymer-
supported ligands (53), (60) and poly(methylmethacrylate) (61). 
Ligand Temperature Conversion" (%) 
(53) O°C 60 
R.T. 100 
(60) OoC 70 
RT. 75 
(61) R.T. 0 
"Conversion determined by 400 MHz IH NMR spectroscopy. 
b e.e s obtamed by HPLC (Chiracel OD). 
3.4 Development of Polymers for Epoxidabon Reactions 
e.e. (%) 
4 
8 
0 
3 
N/A 
The epoxidation of non-symmetrical alkenes m an enantioselective manner has been 
the subject of much mvestigation within the group 25 as discussed above (Chapter 
1.2.1). 
Both polymers (53) and (60) polymers have been subjected to tests for their sUItability 
as epoxidation hgands The polymers were added to a solution of 2 (2-bromoethyl) 
benzene-l-<arbaldehyde in a co-solvent system of ethanol and dichloromethane, 
conditions suggested by literature reports. 25 Excess dichloromethane was required 
over the standard conditions for this reaction, due to the resistance of the polymers to 
swell in this combination of solvents (Scheme 72) 
The reaction of the polymers proceeded smoothly to form dlhydroisoquinoliniUlD salts 
(62) and (63). Interestingly, the polymer supported senne-derived iminium salt (62) 
was found to be soluble in several common solvents, allowing further analysis to take 
place. However, polymer (63) remained msoluble after the formatIOn of the immlUm 
salt, perhaps reflecting a higher molecular weight of this polymer. 
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OyO~NHl 
° 
R=H, (53) 
R=Me, (60) 
R=H, (62) 
R=Me, (63) 
I) o-(BrEt)phCHO, EtOH, DCM (76%). 
Scheme 72 
These polymenc imimum salts were then tested as ligands in the epoxidation of 
phenyIcyclohexen-l-one, USIng condItions previously optimized by the Page group 
(Scheme 73). 25 
I) Ph~ 
.. o~ 
i) 10% L, Oxone, Na2C03, MeCN, H20. 
Scheme 73 
The epoxidation reactions were carried out in a blphasic co-solvent system of 
acetonitrile and water. Although polymer (62) was seen to be soluble in some 
common solvents, it remaIned insoluble In the chosen reactIOn solvents of water and 
acetonitnle, maIntaimng the desired heterogeneous solid phase conditions 
The oxidant Oxone IS a tnple salt in whIch the active portion is potassium 
monoperoxy sulfate. The reactIons were carried out at 0 QC over a time penod of 3 
hours. The competItIve non-catalysed background reaction is negligible under these 
conditIOns in the homogeneous reaction, but has been observed after a long reaction 
time 
In the Cd,e of the reactIOn of dlethylzlllc wIth benzaldehyde (Scheme 71), the zinc 
reagent must be acti vated by the ligand In order to react with the benzaldehyde. 
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However, in the epoxidation reaction (Scheme 73) the hgand must ensure that the 
reaction proceeds sufficIently faster than the competition from the racemic 
background reaction. Therefore, the catalytic abIlity of the ligands IS of more 
influence m the epoxidation test reactIOn than in the diethylzinc addItion. 
The abihty of the polymeric ligands to perform as enantioselectlve catalysts in this 
reaction IS summarIzed below (Table 2), (Scheme 74). 
Ph)("] ~ 0"V 
10 mol% L, Oxone, Na2C03, MeCN, H20 
Scheme 74 
Table 2. The epoxidation of I-phenylcylcohexene by Oxone in the presence of 
polymer-supported Jigands (62), (63) and poly(methylmethacrylate) (61). 
Ligand Conversion· (%) e.e.O (%) 
(62) 80 4 
(63) 50 6 
(61) 10 o 
• ConversIOn determmed by 250 MHz I H NMR spectroscopy after 3h. 
b e.e.s obtamed by 250 MHz IH NMR spectroscopy with Eu(hfch. 
The results in Table 2 show that whIle the polymeric hgands are effective for the 
catalysis of the epoxidation reaction, the enantioselectlVlty IS agam poor. The 
catalytic ability of the 'blank' methyl methacrylate polymer may have contnbuted to 
the poor enantlOselectlvlty of the ligand catalysed reactions However, as the ligand-
con taming polymers lead to a hIgher rate of conversIon to the epoxide than the 'blank' 
polymer, the poor selectivity must also be attrIbuted to the hgands 
Followmg the failure of Ihe\e polymenc hgJnd, 10 cataly,e asymmetric reactions m 
an enantlOselecllve manner, further InvestIgations have been carried out on ligands 
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used In solution phase. If a ligand can be establIshed as effective in a classical 
homogeneous reactIOn, then a polymeric form of the lIgand could be developed With 
greater confidence that the polymeric lIgand would be effective both in catalytic and 
enantioselective ability. 
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4.0 Aziridines 
4.1 Introduction 
Before embarking on the synthesis of further polymenc Jigands, the failure of the 
previous hgands to induce enantioselectivtty within the addition of dlethylzinc to 
benzaldehyde must be considered. For a ligand to induce chirality in an asymmetric 
transformation, it must allow one dlastereomenc transition state to form preferentially 
over the other. 
It IS Important to "block" one face of the transition state with substituents on the 
ligand. Bearing this in mmd, it is important for the hgand to possess steric bulk close 
to the chiral centre, and to posses a ngid structure to prevent free rotation within the 
transition state. Polymenc lIgands, by their nature, possess the large steric influence 
of the polymer backbone. Consideration must be gi ven to the proximity of the ligand 
to the polymer chain, to allow the added bulk to assIst, but to prevent inaccessibility 
of the ligand to the reagents. 
There are several factors by which the structure of the serine and threonine ligands 
may have been preventing the hgands from being effective m asymmetric catalysis 
(Figure 11). 
Secondary Alcohol 
(Pnmary in the case of Senne) 
Simple ~tn1cturc -
lack 01 ,tene hul~ 
~ RI" OH 
Pnmary am me 
Figure 11 
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With the serine-derived ligand, both the amine and the alcohol are primary, and in the 
case of the threomne ligand, the amine IS primary and the alcohol is secondary. These 
factors allow facile formation of the transition state complex, but offer little steric 
bulk to influence the approach of a reagent. 
The linkage from the ammoalcohol to the polymer IS short. potentially allowing the 
polymer to offer steric bulk to the transition state. However, the distance of the 
polymer from the asymmetric centre renders its influence worthless. 
Cyclic ammoalcohols have been frequently reported in the literature, a cyclIc 
aminoalcohol that has shown particular success m enantlOselective catalysis 144 is 
shown below to demonstrate how the criteria required for an effective chiral ligand 
can be met (Figure 12). 
Polymer 
Irrelevant ~ 
Sterically nch 
Imkage 
Tertiary 
Figure 12 
Cychc structure-
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The polymeric ligand highlighted in Figure 12 has been shown to catalyse the 
addition of diethylzinc to benzaldehyde With good catalytiC ability, generatmg 1-
phenyl propanol in 96% e.e. This was an identical enantioselectiVlty to that of the 
unsupported ligand; m this case transference of the reaction conditions from solution 
to solid phase involved only one alteration, the change of solvent system from toluene 
to a I: I mixture of toluene and dichloromethane, to produce an identical result. 
The figure hlghltghts the advantage; of thi> ltgand over the more ~imple polymenc 
ltgands (60) and (53). The ligand Itself, like (53), is denved from senne, but the 
second hydroxyl group has been eltminated in an azmdmatlOn reaction This nng-
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closure transforms the amme into a secondary amine, and fonns a rigid cyclIc 
structure. 
The amine and alcohol groups have both been transformed from primary to tertiary 
structures. The amme has been transformed by simple protection of the aziridine, 
with the bulky tn-phenyl methane group This adds stenc influence to the ligand in 
good proximity to the amine, which is central to the transition state fonnation. The 
alcohol is the other binding point for the zinc, so the presence of the two phenyl rings 
agam adds steric influence where reqUIred. 
With thiS polymenc lIgand, the polymer has been Isolated from the active segment of 
the hgand. This has been shown by the Zwanenburg group 144 to allow the polymer to 
exert no influence, posItive or negative, on the reactIOn. This has been achieved by 
attaching the ligand directly tu the bulky protecting group. However, this does not 
take advantage of the polymer as added bulk for the reaction. 
Other aziridine hgands have been mvestigated in solution phase for use as ligands in 
the addition of diethylzmc to benzaldehyde A comprehensive library has been 
assembled by Tanner et al. 143 Tanner's hbrary consists of azindines created from 
serine, threonine, methyl cinnamate and L-tartaric acid Interestingly, Tanner 
investigated a ligand very similar to Zwanenburgs, (64). but found this example 
catalysed the reactIOn to give only 2% e.e .• with a conversion of benzaldehyde to 1-
phenyl propanol of just 23% after five days of reaction at room temperature. 
(64) 
Ligand (64) has only a pnmary alcohol uOlt, however. Tanner concluded that the 
reason for the poor enantioselectlVIty of the addition of dlethylzinc to benzaldehyde 
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was that the "N-trityl group is presumably too large to allow efficient chelate 
formation". Consequently, although the group progressed to tertiary alcohols, this 
hgand was not further investigated. The highest enantlOselectivity achieved by 
Tanner In the 29 aziridine ligands synthesized and tested was 94% e.e. by the tartrate-
denved ligand (65) shown below. 
Q--'N OH 
rt'. 
HO~ 
(65) 
This Cz-symmetric ligand (65) induced this excellent enantioselecuvity while only 
being present in 3 mol%. Further reduction to 0.3 mol% resulted in a drop of 
enantioselectivity to form the I-phenyl propanol In 85% e.e. Tanner observes that the 
tartrate derived Cz-symmetric ligands promoted greater enantioselectivity on the 
addition of dlethylzinc to benzaldehyde than the ammo acid derived azmdines. 
However, this may be in part due to the ability of the Cz-symmetnc hgands to 
catalyse the reactIOn at lower temperatures - these reactions were carried out at -23 
°c, whereas those to test the non-symmetncalligands were carried out at room 
temperature. 
The highest enantlOselectlvity induced in the reaction by a non-symmetrical ligand 
was achieved equally by ligands (66) and (67). These ligands catalysed the reaction 
of diethylzinc to benzaldehyde to Yield I-phenyl propanol in 90% e.e. 
rj 
(66) (67) 
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LIgand (66) could be expected to give reasonable enantioselectivJty due to the 
presence of both a tertiary alcohol and a tertiary amme. The presence of the second 
stereocentre in this ligand may also contnbute to the enantlOselecttvity of the reaction 
However, hgand (67) is interesting, as It induces good enanttoselectivlty while 
possesstng only a primary alcohol. A group of high stenc influence is present at the 
second chual centre, and this may contnbute to the abihty of the hgand to induce 
asymmetry on the reactIOn. It should be noted however, that while the e.e. of the 1-
phenyl propanol produced 10 the presence of hgand (67) is surprisingly good, the 
conversIOn of benzaldehyde to I-phenyl propanol IS only 50% after 24 hours at room 
temperature. 
The Iigands investigated by Tanner demonstrated a wide range of catalytic and 
enantioselecttve abIlities, however one hgand failed completely to catalyse the 
reaction It must be remembered that the diethylzinc requires activation by the ligand 
to achieve addition to the benzaldehyde, and therefore, If the reaction proceeds, albeit 
in a racemIc fashion, then the Itgand may stIll be clasSIfied as an effecttve catalyst. 
(68) 
LIgand (68) dId not achIeve any detectable conversion of benzaldehyde to I-phenyl 
propanol after 3 days at room temperature. The reason for thIs IS unclear. The ligand 
, 
mIght have been expected to induce little enantioselectivity in the reaction, possessing 
a pnmary alcohol, and other non-bulky functionahttes, but Tanner can only comment 
that "the complete lack of reacttvity is dIfficult to explatn". 
Other cyclic Iigands have been produced, contatning varying sizes of mtrogen-
containing rings. Zwanenburg 145 has developed a range of four- and five-membered 
ring ligands. The ligands investigated (68) and (69) are the larger-ring analogues of 
Zwanenburg', ,ucce"ful JZlridtne Itgunds 
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(68) (69) 
Ligand (68), containing a four-membered ring, catalysed the addition of diethylz10c to 
benzaldehyde with an e e. of 98%. 1111S enantlOselectivlty is even greater than that 
induced by the azirid10e analogue. This ligand displayed excellent enantioselectivity 
with a range of aromatic aldehydes (98 -100% e e.), but only 68% e.e. with 
nonaldehyde. However, It should be noted that very few ligands can 10duce chlraIity 
m the addllion of dlethylzinc to both aromatic and aliphalic aldehydes. 
The five-membered nng conta1Oing ligand (69) induced an e e. of only 79% m the 
addition of dlethylzinc to benzaldehyde This was a dlsappo1Ot1Og level of seleclivity, 
and the authors infer that the 10herent conformatIOnal rigidity of the smaller ring 
systems result m a "better-defined environment around the prochiral centre" and 
hence 10crease enanlioseleclivity. 
Crsymmetric four membered cyclic amine ligands (70) have also been investigated 
by Shi. 146 
(70) 
R=Me 
R=TBDMS 
R=TBDPS 
The three ligands were tested III the addition of dlethylz10c to a range of aromatic and 
ahphatic aldehydes The methoxy hgand was found to 10duce the formation of 1-
phenyl propanol with 92% e e. but. although addition to other aromatic aldehydes also 
proceeded With excellent selectivity, addition to ahphatlc aldehydes was dlsappoint1Og 
(63 - 65% e.e ) 
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Alternative slhcon substituents at the oxygen were mvestigated. The group size was 
increased in the assumption that the increased steric mfluence would cause the 
reactIOn to proceed WIth increased enantioselectlvlty. However, both the sdyl 
protected hgands induced poor enantlOselectivltIes (<20% e.e.) in the addition of 
dlethylzinc to various aromatic aldehydes 
4.2 Synthesis and use of an Aziridine Library 
In order for us to investigate further a range of serine-denved polymenc reagents, we 
decIded to cychse the serine to produce an azindme ligand sImilar to those developed 
by Tanner and Zwanenburg The ligand might be mvestIgated in solutIOn phase, and 
then functionahzed for co-polymerizatIOn as prevIOusly descnbed, and the polymenc 
hgand investigated further. 
The general structure for the aziridmes to be investigated is shown below (71). A 
library of compounds contaimng this template has been created. The aIm of the 
hbrary is to investIgate the effect of substituents of dlffenng stenc influence in the R 
positions of the template The design of a polymeric reagent can then be based on the 
steric requirements of the ligand For example, If a large group IS required on the 
amme, then the polymer could be hnked dIrectly to the aziridine to give maxImum 
steric influence. However, if It is preferentIal for the amme group to be less bulky, or 
even If the size is Irrelevant, then the azindme may be attached to the polymer via a 
linker to the amine, or VlQ an alternative position on the molecule. 
R 
N 
(71) 
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A synthetIc route was established by Zwanenburg 147 to create azmdines of this 
nature, so adaptation of the route for our purposes was simple. A retrosynthetic plan 
for the synthesis is shown below (Scheme 7S). 
R 
N 
OR ===> " 
Scheme7S 
~ ~ /"0. 1 
OH ===> HO' j -OH 
NH2 
The transformation of L-serine to the N-tntyl aziridine can be carried out by 
established methodology. 148 ExtrapolatIOn of thiS to de-protect the amme, followed 
by functlOnalisation of the amine and alcohol can then be easily envisaged (Scheme 
76) 
yC0H HO I) .. NH2 
OH 
MeO ( Ill .. J('NH2 
° 
(47) 0 .HCI 
MeO yC0H N 
H 
o 
Ill) .. 
I) AcCI, MeOH (100%), il) TrCI, NEt), CHCI3; lil) MsCI, NEt3, DMAP, CHCh (59% 
- 2 ,tep')' iv) PhBr. Mg. Et,O (89'*). 
Scheme 76 
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As discussed above in the synthesis of polymer (53), the commercial chrral amino 
acid (L)-serine first underwent estenfication, using methanol in the presence of acetyl 
chloride to produce (47). This methyl ester hydrochloride salt was neutrahzed by 
tnethylamine, and the amine protected With chlorotnphenylmethane, to produce the 
N-trityl serine. This intermediate was not Isolated, but after acidic work-up was 
treated With methanesulfonyl chlonde and triethylamme to give the O-mesylated 
serine deriv~tlve. Under the reactIOn conditions, the amine spontaneously ring-closes 
to form the azindme ring, with the elimination of mesylate. 
The aZlridine methyl ester (72) was then subjected to a double Gngnard addition With 
bromobenzene, to furnish aZlridine (73) ingood overall yield (53%) from (Lr-serine 
The deprotection of the amine of the azmdine was then carried out using 
tnfiuoroacebc acid in a co-solvent system of dichloromethane and methanol. This 
proceeded in good Yield and punty, With the only punfication required being 
tnturation m dlethyl ether to furnish (74) m 82% yield (Scheme 77). 
The fully deprotected aztndme (74) was now ready for functionalisation at either the 
alcohol or the amme pOSitIOn. The first Iigands prepared were N-substltuted 
aztndmes 
The methylatIOn reactlon to produce aZlridine (75) was effected by iodomethane in 
tetrahydrofuran in the presence of potassium carbonate. The inorganic base was 
selected in the hope that only the more acidic amine proton would be removed, 
ensunng N-alkylatlOn was preferential over O-alkylation. The reaction proceeded 
smoothly, and although the Yield was dlsappointmg at 30%, the remainder was 
unreacted starting material, with no O-methylation observed. 
The benzylated azmdine was synthesized m Similar fashIOn, using benzyl bromide in 
the presence of potassIUm carbonate The yield was shghtly improved, but stili poor 
at 56%. Again, no O-methylatlon was observed 
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(74) 
OH 
'\ 1 > 
N 
I) TFA, DCM, MeOH (82%); it) Mer, K2C03, THF (30%); iii) 9-Bromofluorene, 
K2C03, PhMe (23%); IV) Ph2CHCI, K2C03, PhMe (44%); v) BnBr, K2C03, THF 
(56%). 
Scheme 77 
The addltton of the benzhydryl group proved more troublesome. The conditions 
established for both methylation and benzylation failed to effect the addition of 
benzhydryl chlonde to the azindine (74). The two factors of influence are believed to 
be the size of the benzhydryl group (while the group is considerably larger than the 
methyl or benzyl groups, it does not possess the added stability of cation formation of 
the even bulkier trityl group) and particularly the poorer leavmg group ability of the 
chlollde counter-Ion compared to the iodide dnd bromide of the prevIOus reactions 
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These problems were overcome by the use of heat. The reaction was carned out in a 
hIgher bOlhng solvent, toluene, and heated to reflux for 9 days In the methylation 
and benzylation reactions, the addition was allowed to react at room temperature for 
just 20 houts. However, after even 9 days at reflux, the benzhydrylatlon proceeded to 
only 44% yield. Attempts to opumlse the conditions of the methylation and 
benzylation reacllons by the use of heat proved frUItless, with no greater yields 
obtamed 
The synthesis of hgand (76) was carried out by the addition of 9-bromofluorene in the 
presence of potassium carbonate. This reactIOn was effected in toluene, imtlally at 
room temperature, but, after no eVidence of reaction after 2 days, at reflux for a 
further 4 days This furnIshed (76) in a yield of Just 23%. This reactIOn has not been 
opllmized 
The focus of hgand generation was now turned to the production of ethers. We had 
assumed that the N-trityl azindine (73) could simply be functionaJized at the alcohol, 
to fonn both ethers and esters. However, the Imllal attempts to effect this 
functionalisatlOn were unsuccessful 
After the success of the methylation and benzylation of the amine, azrridme (73) was 
subjected to Similar conditions Attempts at O-methylation With iodomethane in 
tetrahydrofuran m the presence of potassIUm carbonate yielded only unreacted startmg 
matenaJ. 
The problem was perceived to be WIth the acidity of the hydroxyl proton. A stronger 
organic base was substituted for the inorganic potassium carbonate, but the use of n-
butylhthium with iodomethane and also With the more powerful methylating agent 
dimethyl sulfate still gave no product Although the proton should be sufficiently 
acidic for easy removal, the positIOn IS stencally hindered by the five phenyl rings 
present. A smaller base was then conSidered. The use of sodium hydnde m both 
tetrahydrofuran and dlchloromethane was attempted, and again gave no product A 
tinal attempt was made l1~mg IOdomethane In the pre~ence of sodIUm hydnde, WIth 
the reaction bemg carried out m dlmethylfornamlde 149 After 5 days at room 
temperature, the reactIon proceeded in 87% yield (Scheme 78). 
llO 
(79) 
\ 
o 
n) .. 
I) MeI, NaH, DMF (88%); ii) TFA, DeM, MeOH (75%). 
Scheme7S 
The protected amine (79) was then deprotected using trifluoroacetic acid in a co-
solvent system of dichloromethane and methanol. 
Attempts were made to produce O-benzylated and O-benzhydrylated aziridines, but 
WIth no success, presumably due to the steric hmdrance offered by the N-tntyl 
aziridme around the hydroxyl group The strategy of using an alternattve, less bulky 
amine protectmg group to carry out O-alkylatlOn has been considered, but due to time 
constraints thIS has not been carried out WIthin our investIgatIon. 
An alternative O-substitution approach was to create an ester linkage If a 
methyl methacrylate moiety could be attached to the hydroxyl group, then co-
polymenzation could lead to an aziridine ligand that is attached directly to the 
polymer through an ester linkage. A model system was designed, using isobutyryl 
chlonde to estenfy the hydroxyl group (Scheme 79). ThIs compound could be N-
deprotected, and both the N-tntyl and free amine acetylated aziridines could then be 
tested for activity as hgands in the addition of dlethylzmc to benzaldehyde, to model 
polymenc ligands 
III 
OH .. 
I) C3H7COCI, NEt3, DCM (82%). 
Scheme 79 
The estenfication attempt was carried out on (73), USIng the isobutyryl chloride in the 
presence of triethylamine. The desired product was not observed, however, (81) was 
obtamed as the sole product In good YIeld. A smgle crystal X-ray structure was 
obtained of (81) to aid product IdentificatIOn. 
We belIeve that the aCId chloride effected de-protection of the N-trityl group to the 
secondary amine, and the chloride nucleophlle then attacked the strained aziridIne 
ring, causIng ring cleavage to occur to produce (81) 
This reaction was also attempted WIth addItIOnal triethylamine, intended to prevent 
nucleophIlIc attack by the formation of tnethylamine hydrochlonde, however, again 
only (81) was observed. An additional acetylation reactIOn was also carried out using 
acetic anhydride, It was hoped the use of a non-acidic reagent would protect the N-
trityl group, and the absence of the chloride ion would prevent nng cleavage. In this 
case, no reaction was observed. 
In order to probe the mechanism of the formatIon of (81), the isobutyryl chloride 
condensatIOn reaction was also carried out usmg (74) as substrate (Scheme 80). 
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I) C3H7COCI, NEt3, DCM. 
Scheme 80 
The change in substrate was expected to simply produce the N-substituted aziridine 
However, three products resulted If only one eqUIvalent of isobutyryl chloride was 
used, the mam product was (81), presumed to be fonned by the same mechamsm with 
both (74) and (73) as substrates. If two equivalents of isobutyryl chloride were used, 
the main product was (83) If only one eqUIvalent of Isobutyryl chloride was used 
then thiS is a mmor product, along with (82) which was a mmor product with both 
substrates. 
No further investtgatlon was earned out into the use of an ester Itnkage to a polymer 
However. these expenments have led to an insight mto the vulnerablltty of the 
uzlridme to nng cleavage by nucleophl1e~. 
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The ligands generated were then tested in the enantloselective addltJ.on of diethylzinc 
to aromallc aldehydes (Scheme 81). All the IIgands were first tested in the addition of 
dlethylzinc to benzaldehyde, and the most successful then applIed to the alternative 
aromatIc aldehyde substrates 
I).~OH 
I~ 
R 
R= H, (84) 
R= MeO, (85) 
R=F,(86) 
I) 5 mol% L, Et2Zn, PhMe. 
Scheme 81 
The toluene solution of benzaldehyde was treated with diethylzmc in the presence of 
5 mol % lIgand The reactIOn was cooled to 0 °c for the diethylzinc addItion, and then 
allowed to reach room temperature for 24 hours. The conversion levels quoted for all 
the ligands are after 24 hours of reaction at room temperature The results for the test 
reactions are shown In Table 3. 
Table 3. The addition of diethylzinc to benzaldehyde in the presence of our 
aziridine Iigands. 
Ligand Conversion" (%) e.e.o (%) Configuration 
(73) >99 95 R 
(74) 85 62 R 
(7S) 90 55 R 
(78) 90 49 R 
. (77) >99 96 R 
(76) 90 77 R 
(79) 24 12 R 
(SO) 55 55 S 
'Conver~lOn after 24h determined by 400 MHz IH NMR spectroscopy 
be e.s determIned by HPLC, Chiracel OD, 98:2 hexanes iPrOH, 1 0 mVmin 
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It can easily be seen that the O-subslituted aziridines, (79) and (80) are poor ligands, 
glvmg conve,rslon rates significantly lower than the other aziridines. In fact, all the N-
substituted aziridmes produced conversion rates over 90% after 24 hours. 
Surprisingly, the unsubstituted azlridine (74) YIelded a conversIOn rate comparable to 
those ligands possessing the deSIrable bulky amme substItution. 
It is clear, when considering the enantioselectivlty, that the steric bulk on the amine is 
of importance. The homologous series of amme substitution of benzyl, benzbydryl, 
tntyl shows steric bulk IS required for enantloselectivity The two and three phenyl 
nng hgands, (77) and (73), show much mcreased enantioselectivlty over the reactIon 
than the one nng benzyl group, ligand (78). However, there is little difference 
between the benzhydryl (77) and tntyl (73) hgands, with the less bulky group coming 
out, surpnsingly, slightly better. ThIs suggests there must be an optimal size for the 
amine substitutIOn, although WIth both ligands producing excellent enantioselectivity 
and conversion rates, there IS httle room for improvement for the better hgand, at least 
WIth this substrate. 
The fluorene denvative (76) was deSIgned to investIgate the optimal size of amine 
substitution wlthm the azmdme hgands While It contains the same number of atoms 
as (77), the stenc influence created IS less, due to the ngid structure of the hnked 
nngs. Smgle crystal X-ray analYSIS of (76) and (77) has been carried out, and it can 
clearly be seen, at least m sohd state, that the nngs of the benzhydryl group in (77) lie 
orthogonal to each other (Figure 13). Therefore the free rotation around the 
nitrogen-<arbon bond provides the hgand WIth consIderable steric influence around 
the amine. In contrast, in (76) the phenyl nngs are lied together (Figure 14), forcmg 
a rigId structure, possessing much less stenc mfluence than either the N- benzhydryl 
or the N- trityl azindmes. 
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Figure 13 
CI141 elll) 
Figure 14 
The activity of the O-methylated aziridInes (79) and (80) IS interesting. The presence 
of the free hydroxyl group was believed to be essential for the formation of the ZInC 
alkoxide transition state complex. In the case of the N-substituted aziridme, the 
transition state complex (Figure 15) is beheved to contaIn a four-membered ring 
consisting of two zinc atoms, one of which stlll possesses two ethyl groups - one of 
which will be delivered to the aldehyde, while the second zinc forms the covalent zinc 
alkoxide bond with the deprotonated hydroxyl. 
116 
Ph 'i 
H LS':"Ph Zo-/ ' - . "" 0"', Ph \ . =< N"Zo- -0 E § H 
R " 
Figure 15 
From this, It can clearly be seen that If the oxygen is alkylated, the formation of the 
transItion state complex must proceed m an alternative manner. The low conversion 
rates for both O-substituted aZlridmes, in partIcular that of (79), reflects the 
unfavourablhty of a tranSItIOn state containing an alkoxlde bond In the case of (80), 
It is interesting to note the reversal of sense of enantioselectivity in the addition of 
dlethylzmc to benzaldehyde It is proposed that the transition state complex may be 
formed WIth a covalent bond formed between the zinc and the secondary amine 
(Figure 16), so causing the benzaldehyde to approach from the opposite side of the 
complex. 
The enantioselectivtty induced by (80) is OPPOSIte but equal to that demonstrated by 
(75), the N.methylated analogue However, a comparison of the conversIOn rates of 
(80) and (75) reveal the N-methylated (75) to be supenor as a catalytic hgand. This 
suggests the enantlOselective mfluence of ethereal substItution IS equal to that of 
amine substitution, however, the decrease m reaction rate suggests either that the 
second transitIOn state complex of (80) IS of hIgher energy, or that it is more stable to 
decompOSItion The overall effect may be a result of a combination of both 
explanations 
An mcreased stablhty of the tranSItion state complex WIll decrease the turnover of the 
catalytic hgand m the reaction, causmg a lower level of conversion throughout the 
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reactIOn penod. The existence of the altemauve translUon states has been 
investigated by the use of Iigands (74) and (79). A single crystal X-ray structure has 
been obtruned for (79) (Figure 17). 
CI9I 
C133} 
Figure 17 
The stenc restrictions within thiS molecule can clearly be seen. In contrast to the 
other azindmes in this senes, there IS no hydrogen bond present to tie the oxygen to 
the same Side of the molecule as the nitrogen. If this structure IS also true in solution, 
then the lIgand must undergo a confonnauonal change to allow the zinc transition 
state complex to fonn. Together With the extreme stenc hindrance, the substitution of 
both the oxygen and mtrogen atoms may contribute to a higher energy requirement 
for the fonnatlOn of the zmc alkoxlde transition state complex. The low conversion 
rate of benzaldehyde to I -phenyl propanol by ligand (79) reflects the either the high 
energy required to fonn the transitIOn state complex or its poor stability. 
The production of the R enantiomer of I-phenyl propanol by (79) suggests the fonner 
type of transItIOn state complex (Figure 15) IS preferred with this lIgand; this is 
unsurprismg given the relative steric mfluence of the N-tntyl substitution over the 0-
methyl substitution. 
The enantioselectivity induced in the reactIOn of dlethylzinc to benzaldehyde by the 
ligand (74) is ;urpn;ingly high (62%). Given the above diSCUSSIOn of the two 
pOSSible transition states, this ligand would be expected to induce little 
118 
enantioselectivity due to both a lack of steric influence. The production of the R 
enantlOmer of I-phenyl propanol suggests the reaction proceeds through the former 
transitIOn state (Figure 15). ThIs supports the earlier assumption that the formation of 
the transition state complex shown In Figure 15 is favourable over that shown in 
Figure 16 A SIngle crystal X-ray structure has been obtamed for hgand (74) (Figure 
18). 
el6J 
Figure 18 
In this :ase there is also no Intramolecular hydrogen bondIng, however, the molecule 
may be able to retain conformational structure, WIth the oxygen and nitrogen atoms in 
close proxImIty due to the presence of Intermolecular hydrogen bonds Again, if this 
structure IS also representative of the molecule In solution, then the proximity of these 
two atoms IS essential to the transItion state formation 
The novel ligands of partIcular interest are hgand (74), due to its unexpected success 
as an asymmetnc ligand, and ligand (77) due to the superior abihty of the ligand in 
asymmetnc catalYSIS. 
The origmal synthetic route was ideal for the creatIOn of the azindIne hgands, 
ho,""ever, now that Jmt two hgands had been targeted for further invesllgatlon, a more 
dIrect and effiCient synthetiC route was desirable. The current synthetic route for (77) 
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is inelegant due to potentially unnecessary protectIOn! deprotection steps. The final 
stage of the addition of benzhydryl chlonde to (74) to fonn (77) is partIcularly 
mefficient due to the high temperature, long reaction time and low yield (refluxing 
toluene, 9 days, 44%). 
At first glance, adaptatIon of the synthetic route IS simple. The trityl group is 
involved early in the synthesis, as an easily removable protectmg group. However, if 
a benzhydryl group could be mtroduced mstead, then (77) could be synthesized 
dIrectly, eliminatmg the two final steps of the sequence (Scheme 82). 
1
0H 
HO 
NH, 
° 
1Ii) • 
I). MeO (OH 11) • 
n NH1 
(47) ° .HCI 
c~o 
. i OMe 
CIV 
(88) 
I) AcCl, MeOH (100%); ti) Ph2CHC1, NEt3, CH3CI (49%), Ill) MsCI, NEt3, DMAP, 
CHCh (56%). 
Scheme 82 
The protection of senne methyl ester hydrochlonde salt by benzhydryl chloride in the 
presence oftriethylamme proceeded smoothly, although in disappointing yield. The 
49% yield IS lower than that for the tntyl protectIon, however, It is higher than that of 
the aziridme protectton by benzhydryl chloride In the \tght of the synthesis being 
two steps shorter, this lower YIeld was considered to be acceptable. 
The treatment of (47) WIth methane sulfonyl chlonde was expected to effect removal 
of the alcohol to form the aZlridme. However, the only product observed was (88), 
where the alcohol has been dIsplaced by a chlonne atom. (88) IS believed to have 
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been fonned by the nucleophilic attack of a chloride ion on the deSIred azindme ring. 
There is, however, no other eVidence of the aziridine nng to support this. We assume 
that the smaller benzhydryl protecting group offers less steric protection of the 
aziridme ring than the previously used tntyl group 
To avoid the problem ofnuc1eopbilic attack, the ring closure stage was attempted by 
the use of methane sulfonic anhydride in place of methane sulfonyl chloride (Scheme 
83). Direct replacement of the methane sulfonyl chloride with the anhydride allowed 
the aziridine to fonn in good yield. 
OH 
(89) 
MO Il)~ 
OM. (71) 
i) MS20, NEt3, DMAP, CH3Cl (73%), il) PhBr, Mg, Et20 (89%). 
Scheme 83 
The Gngnard reaction was then carried out with bromobenzene on (89) to form (77) 
ID an overall 32% yield from (L)-serme. This novel synthetic route allows (77) to be 
fonned from serine in four steps, over three or four days, whereas the previous route 
involved six steps over at least 14 days to produce (77) in just 19 % overall 
The abtlity of ligands (77) and (74) as ligands for asymmetric catalysis was then 
tested in the addition of dlethylzinc to alternative aromatic aldehydes (Table 4). The 
values obtained with benzaldehyde are displayed for comparison. 
The aldehydes chosen were p-fluorobenzaldehyde and p-anisaldehyde. The first, an 
electron deficient aldehyde, has previously been shown 143 to induce higher 
conversion rates but lower enantioselectiVlty. The latter, an el~ctron rich aromatic has 
been reported to induce higher enantioselectivity at the cost of conversion With thiS 
aldehyde in comparison to benzaldehyde. 
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Table 4. The addition of diethylzinc to aromatic aldehydes in the presence of our 
aziridine Iigands. 
Ligand Aldehyde Conversion (%)" e.e. (%)" 
(74) benzaldehyde 85 62 
p-amsaldehyde 60 73 
p-fluorobenzaldehyde nd. 44 
(77) benzaldehyde >99 96 
p-anisaldehyde >99 95 
p-fluorobenzaldehyde >99 87 
" ConverSIOn after 24h deterrmned by 400 MHz H NMR spectroscopy 
b e.e.s determined by HPLC, Chlracel OD, 98.2 hexanes: IPrOH, 1.0 m1!min 
The ligands performed as predicted, with ligand (77) showing excellent abIlIty as a 
lIgand for asymmetnc catalysis wIth both aldehydes. Ligand (74) demon~trates an 
Increase in enantloselectiVIty with the Inclusion of an electron donating substltuent on 
the aromatic ring, coupled wIth a decrease in conversion rate. As expected, the 
Inclusion of an electron deficient aromatic ring causes a decrease in enantioselectivity. 
4.3 Polymer support 
In order to develop these ligands to create a polymer-supported asymmetric catalyst, 
consideration must be gIven to the position and type of link between the ligand and 
the polymer backbone. Zwanenburg 144 has developed an analogue of (73) on a 
polymer support. as descnbed above (90). 
=.J ;:'Ph 
N;:j h 
(90) 
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This polymeric azmdme hgand was synthesIzed by addition of (74) to a commercial 
polymer-bound triphenylchloromethane. This hgand was demonstrated by 
Zwanenburg to induce excellent enantlOselectivity in the addItion of dlethylzinc to 
benzaldehyde. The polymeric lIgand shown was also recycled with little loss in 
activity, either catalytic or enantioselectlve. 
However, direct application of this methodology to the ligands within this 
investigatIon was not possIble. The hgands that were investigated further were (77) 
and (74). Lmkage through a single phenyl ring of (77) would create a second chiral 
centre. Using Zwanenburg's methodology, it would be difficult to control this chiral 
centre, and assuming the polymer to be of the heterogeneous type, Impossible to 
ascertain which diastereoisomer had been created. This methodology is more 
obviously prohIbitive of the polymer support of (74) due to the required free amine. 
Other methods for attachment of these ligands to polymer were consIdered (Figure 
19). To avoid the problem of dtastereoisomer creatIOn, the attachment of the polymer 
through the phenyl rings was considered as a cross-hnking process The polymers 
would be created by a co-polymerization techmque, as utihzed WIth the linear 
aminoalcohols (Chapter 3.0), and the presence of a cross-linking agent within the 
polymerization should create a more rigId polymer support, aidmg handling. The use 
of the actIve ligand as the cross-Imking agent would prevent any potential for 
diastereomers to be formed, and pOSSIbly aid sIte isolatIOn of the active site withm the 
polymenc macrostructure. However, the amount of cross-linking, and hence the 
loading of the polymer IS hmited In thIs case to ensure the polymer remains able to 
swell and permeable to reagents. 
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Cunctionalise the phenyl ring(s), 
directly as styrene or via a Iinker 
r-_~A~_,\ 
Oy0"'" r I Cunctionalised with styrene unit h ~ to give ether, or methacrylate N /' to give an ester linkage. 
OH 
Cunctionalise the phenyl ring(s), 
directly as styrene or via a linker 
Figure 19 
The aim was to create a small number of polymeric aZlridine Iigands for use in tbe 
enantioselective addItIOn of dlethylzmc to benzaldehyde. Therefore tbe hnkage of 
ligand to polymer through the phenyl rings of tbe N-benzhydryl moiety was not 
optimal. Altbough it would Immobilise the most successful of the solution phase 
hgands, It would restrict any further investIgation of tblS hgand type to 
functionalisation of the hydroxyl group, which in tbe presence of N-alkylation was 
unhkely to produce an efficient ligand 
Similar restriction to only N-functionalisation would apply to hydroxyl group linkage 
to the polymer, altbough wIth no N-alkylation there is evidence to suggest an effective 
asymmetnc catalyst may be created. In addItion, functtonalisation of tbe hydroxyl 
group has been shown to be troublesome, and an ester linkage may prove to be labile 
to cleavage. 
Functtonalisation of the two tertiary alcohol phenyl nngs appears more encouraging. 
If the hgand were immobIlized in this way, the freedom to functtonalise eitber tbe 
hydroxyl or amine groups would remam, allowing a library equivalent of that created 
m solutton phase to be investIgated. 
It has been hypotheSIzed 1'0 that a longer more fleXIble cross-hnkmg agent creates a 
polymer Wltb a larger pore size, in companson to a shorter cross-hnker, which may 
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create a more ngid polymer that contains tIghter, less flexible pores. A larger pore 
size enables reagents to dIffuse more freely through the polymer, allowing the active 
site of the polymer to be accessed. 
A retrosynthetic scheme for the fonnatlOn of a polymer containing an aziridine ligand 
as a crosshnker is shown (Scheme 84) The previously established methodology of 
attaching the tertIary alcohol phenyl nngs by a double Gngnard addItion to the methyl 
ester would be exploIted to functionahse the phenyl rings with a para methanol. The 
benzylic hydroxyl must be protected pnor to the Gngnard reaction by a protectIon 
strategy that is stable to the reaction condlltons, but that may be removed in the 
presence of the amine substitutIon. After deprotection, the free hydroxyl may then be 
coupled with either chloromethyl styrene (as shown) and then co-polymerized with 
styrene, or coupled with methacryhc aCId, (Chapter 3.0) and subsequently co-
polymenzed with methyl methacrylate, to create the desired polymer. The aziridine 
monomer may be generated wIth both tntyl and benzhydryl substitution WIth the 
subsequent N-tntyl azindme polymer being deprotected using solid phase techniques 
after polymenzatlOn to produce polymer supported analogues of (74), (73) and (77) 
The protectIOn strategy imtially selected involved the use of a tetrahydropyran (THP) 
moiety - while stable to Grignard condItions it IS removed simply by weak acid. For 
example the use of para-toluene sulfonic acid at ambIent temperature removes THP 
protectmg group, while the N-trityl substituent requires heat to be affected by this 
acid The disadvantage of this protecting group is the mcIusion of an addittonal 
stereocentre; the use of two THP groups in a chiral molecule results in the productIOn 
of four diastereoisomers. 
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para-Bromobenzyl alcohol was protected by the TIfP group (91), for the double 
Grignard addItion to (72) The formatIOn of the Gngnard reagent by the addItion of 
the protected alcohol (91) to magnesium in both THF and dlethyl ether was attempted, 
however, there was no evidence of formation of the Gngnard reagent, and the reactIOn 
was unsuccessful. A lack of punty of (91) was belIeved to be the cause of the faIlure 
of the formation of Gngnard reagent. Compound (91) had been purified by both 
chromatography and distillatIon, however, due to the dlastereoisomer production, the 
purity was troublesome to analyse by NMR. To circumvent this problem, a tert-butyl 
dImethyl silane (TBDMS) protecting group was used in the place of the TIiP group. 
TBDMS protected para-bromobenzyl alcohol (92) was added to magneSIUm, but 
agam there was no formation of Grignard reagent. The benzylic position of the 
hydroxyl group had been de~ired over a phenohc analogue it had been feared that a 
phenolIc hydroxyl may cau,e the aromdtlc nng to become too electron nch for 
Gngnard reagent formation Although the additional methylene group should prevent 
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this effect, a meta-substltuted benzyl alcohol was subjected to the methodology to 
Investigate whether the para substitution was responsible for the failures to form 
Grignard reagents. 
meta-Bromobenzyl alcohol was subjected to both THP and TBDMS protection to 
produce (93) and (94) respectively. The Grignard addition reaction was attempted as 
described prevIOusly, again with no Grignard reagent bemg formed. 
In all cases of the Grignard reaction faIlures, both the methyl ester (72) and the aryl 
bromides were recovered in good yield, indicating that no reaction had occurred. An 
alternative strategy to achieve thiS transformation is with the use of lithium reagents. 
If a lithium-halogen exchange could be achieved with the protected bromobenzyl 
alcohols, then the resulting Iithiated reagent may be directly treated with the ester (72) 
or (89) to produce the tertiary alcohol. 
Both the TBDMS and THP protected para-bromobenzyl a1cohols were treated with n-
butyllithium to affect lithium-halogen exchange. In the TBDMS case, no reaction 
occurred. However, when (91) was treated With n·butyllithium, the Iithiated reagent 
was formed (Scheme 85). 
o 
TrN Jl V" 'OM. 
(72) 
LI~ 
~OTHP 
1) TsOHJH20 
Scheme 85 
Quenching the hthiated species with (72) appeared to produce the desired product. 
However, punficatlOn, analysis and structure confirmation were hampered by the 
presence of all four diastereoisomers, so the decision was made to remove the THP 
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protecting groups prior to complete punficatIOn or analysis. This created a !nolo 
which was treated in situ wIth chloromethyl styrene in the presence of base. however 
the coupling reactIOn did not occur and the strategy was abandoned as intractable. 
To avoid the production of the problematIc !nolo the strategy was altered to shorten 
the crosslinker and attach the polymerisable unit directly to the tertiary alcohol phenyl 
rings. The retrosynthesis shown In Scheme 86 outhnes this strategy. 
Scheme 86 
o 
RNVOMe 
The formation of the Grignard reagent from 4-chlorostyrene proceeded smoothly. 
nevertheless. the reaction of the Gngnard reagent did not afford the desired product. 
Neither the chlorostyrene nor ester (72) were recovered from the reaction mixture. 
confirming the formatIOn of the Grignard reagent. A complex mixture of products 
was obtained. none of which were isolated or analysed. however It appeared that the 
aZlridme suffered nng cleavage WIth this Grignard reagent. We also feared the 
product mIght have polymerized under the reaction condItions. Lithiation of 
chlorostyrene by n-butylhthlUm was not attempted due to this potenti~l problem of 
base-induced polymenzation. 
An alternative strategy was developed, intended to affect the same overall 
transformation as the previous strategy. ThIs involved protection of the vmyl mOIety. 
as a protected aldehyde (Scheme 87) 
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A double addition of Grignard reagent would be carried out with the protected 
aldehyde, followed by deprotecuon; a Wlttig type reactIOn then affords an identical 
product to that from the chlorostyrene Gngnard reagent. The mitial protection used 
for the aldehyde was ethylene acetal. This is easily removed by acid, but stable to 
both Grignard and lithlation conditIOns. Unfortunately, neither the Grignard addition 
reaction nor lithlation afforded the desired product. The alternative protection of a 
dimethyl acetal moiety was mvestlgated The formation of a Grignard reagent with 
this protected aldehyde was unsuccessful, however, reaction with the organolithium 
reagent afforded the desired tertiary alcohol (Scheme 88). 
Protection of the para bromobenzaldehyde was performed using trimethyl 
orthoformate in the presence of a catalytic quantity of para-toluene sulfonic acid to 
give acetal (95) A lithIUm-halogen exchange was carried out on (95) With n-
butylhthium at low temperature (-78°C). The hthiated species was quenched With the 
azmdine methyl esters, (72) and (S9). DeprotecUon of the aldehydes was smoothly 
effected with para-toluene sulfomc awl, and the aldehydes converted to the vinyl 
moiety by the use of the methyl Wmig reagent precursor, methyl triphenyl 
pho'phon IUm hromlde. In the presence of ba_e. 
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1) (MeOhCH, pTsOH, MeOH (92%), Ii) n-BuLi, THF (62%); Iii) pTsOH, DCM, H20 
(60%); iv) MePPh3Br, KHMDS, THF (81 %). 
Scheme 88 
The resulting aziridine molecules (100) and (101) then underwent suspensiOn co-
polymerization with styrene and divinyl benzene. The suspension polymenzation was 
chosen over the bulk polymerization technique (Chapter 3.2) to allow a regular size 
spherical bead to be produced 150 The aziridine ligands were intended to be present 
as crosslinkmg agents. Divinyl benzene was mcluded to ensure crosslinkmg could be 
guaranteed to occur to a minimum level that was high enough to attain the desired 
polymer properties of rigidIty and msolubility. The presence of divinyl benzene 
means the polymer must be restricted to a low loading of cross-linkers (100)/(101) to 
aVOid creating a polymer contammg too high a level of cross-linking (Scheme 89). 
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R = Tr, (100) ~ 
R = Ph1CH, (101) R=Tr, (102) 
R = Ph1CH, (103) 
i) Styrene, DVB, PhCl, benzoyl peroxide, PV A, NaCl, H20 (95%). 
Scheme 89 
Benzoyl peroxide was used as an organic soluble radical initiator, which, along with 
the divinyl benzene, styrene and ligand were dissolved in chlorobenzene. An 
emulsion was formed by placing the organic solutIon in a concentrated aqueous salt 
solution. Polyvinyl alcohol was added as an emulsifymg agent, and the reaction was 
heated to 100°C to imtiate the radical polymerization 
The suspension polymerization technique was ftrst tested in the absence of the 
aziridine ligand to create a "blank" styrene polymer (104) After the formation of 
beads was achieved, this method was used to create the polymer supported azindines 
(102) and (103). 
The polymer containing the N-tritylated aziridme was then treated with trifluoroacetic 
acid (Scheme 90) to produce a polymer-supported analogue of ligand (74). 
I) TFA, DCM, MeOH (89%). 
Scheme 90 
I3I 
The four styrene polymers created were then subjected to testmg as ligands in the 
addition of ruethylzmc to benzaldehyde. The results are shown below (Table 5) with 
the results for the solution phase analogues shown for comparison 
Table 5. 
Table 5. The addition (If diethylzinc to benzaldehyde in the presence of our 
polymeric aziridine Iigands. 
Ligand Conve rsion (%) a e.e. (%) U 
(104) polymer 3 0 
(105) polymer 52 84 
(74) 85 62 
(103) polymer 62 88 
(103) polymer < 3 0 
(77) >99 96 
(102) polymer >95 89 
(73) >99 95 
• Conversion after 24 h determmed by 250 MHz IH NMR spectroscopy. 
b e.e value determined by GC, Chrompak, Chirasll CB. 
'Recycled polymer. 
It can be seen that the presence of blank styrene does not effect the reaction, either by 
inhibitIOn or catalYSIS. In the presence of polymers (103) and (102) the 
enantloselectivlty of the reaction is decreased from the solution phase analogues, and 
10 the case of (103) the conversion rate is also markedly decreased. 
To achieve optimal solid phase chemistry properties, the polymer should be able to be 
re-used several times before slgmficant loss of activity occurs However, the use of 
recycled polymer (103) re,ulted 10 only the bdckground reacllOn taking place This 
result was unexpected, and suggests that the active ligand may be damaged either 
dunng the reactIOn or dunng the work-up procedures It may be pOSSible to "re-
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activate" the actIve sIte of the polymer, however, this property was not further 
investigated WIth m this project. 
Polymer (105) shows a considerable increase in enantioselectIvity over the solutIon 
phase hgand (74). ThIS increase IS of particular interest when considered alongside 
the studIes of vanation of enantioselectlvity over time withm the reaction (Chapter 
5.0) The conversIOn for the solution phase hgand (74) was only 85 % after 24 h, so 
the lower conversion rate for polymer (105) is unsurpnsing m companson to the other 
polymeric reagents. 
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5.0 Nonlinear Effects 
5.1 Introduction 
Nonlinear effects, as observed in asymmetric catalysIs, were first reported by Kagan 
et al in 1986 151 Kagan demonstrated a negative nonlinear effect in a Robinson 
annelatJOn catalysed by proline (Scheme 91) 
0=\1$ 
o 
C)-C02H 0 H~ .. 
o 
Scheme 91 
The use of enantiomerically impure prohne caused the enantioselecnvtty of the 
product to drop below that predicted by the prevIOusly assumed lmear correlation 
between the e e. of the catalyst and that of the product (a negative nonlmear effect). 
The effect was eventually explained 152 by a transitIOn state model that involved two 
molecules of proline catalyst dimerizing to form a complex. The dimer could consist 
of two molecules of the same enanUomer, termed a homo-chiraI complex, or of two 
molecules of opposite enantiomers, referred to as a hetero-chlral complex. In this 
instance, the hetero-chiraI complex was shown to react faster than the homo-chiral 
complex, causing the affect of the mmor enantiomer to be amplified resulting in a 
negative nonlinear effect. 
The opposIte effect was seen to occur in a Sharpless epoxidation, where 
enantiomericaIly impure diethyl tartrate was used to mduce enantioselectivity higher 
than that predicted by a linear correlation of e e. of catalyst to product (a positive 
nonhnear effect) This was explamed by the reactivity of this homo-chiral complex 
bemg more re.lc[)ve than the hetero-chiral .lnalogue 
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Positive nonlinear effects are a valuable tool for asymmetric synthesis as they allow a 
product to be produced of hIgher enannomenc punty than the catalyst. Negative 
nonlinear effects however, are useful merely as a tool to probe the nature of an active 
catalytIc species assisting in investigations into reaction kinetics and mecharusms. 
In addition to the theory of active dlmenc species causing nonlinear effects, Kagan 
also proposed the 'reservoir' effect, whereby the actIve catalyst involved in the 
reaction may possess a dlffermg enantlomeric punty to that of the catalyst fed into the 
reaction. The reservoir effect 153 is thought to be the cause of most observed posItive 
nonlinear effects, and has been investigated further by Noyon (Figure 20). 154 This 
model allows posItive nonhnear effects within reactions containmg transition states 
mcorporatmg only one chiral molecule to be explamed. 
P P 
SUb~ SoS R-R Sub 
S-Sub R-Sub 
/ '/ " S·p - S-Rea·Sub S R R-Rea.Sub- R-P 
~' s .•• /\' / R·Rea 
Rea 
S-R 
Rea 
P P 
R = R enantlomer of ligand, S = S enantlomer of ligand, Rea = Reactant, Sub = 
Substrate, P = Product. 
Figure 20 
The Noyori mechanIsm assumes the hgands are active as asymmetric catalysts in theIr 
'tree' monomenc form It po,tulate, thdt the hgands may fonn dimeric species that 
may be eIther homo- or hetero-chiral, WIth the dimers bemg less active towards the 
reactIon cycle If the hetero-chiral dimerisatlOn of the hgand is a more favourable 
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process than the co-ordmatIon of the actlve hgand with either the substrate or the 
reactant, then the system will generate a positive nonhnear effect TIns is caused by 
the complete removal of the minor enantiomer of the hgand, leavmg enantiomerically 
pure ligand to be aVaJlable to the reaction sequence. 
This explanation assumes that the estabhshed transition state is correct, and that the 
dlmers may take no part in the reaction However, if the dlmers can act as ligands m 
the addition reaction, then the Importance lies with the relative rates of co-ordmation 
of the dlmers to the substrate or the reactant, and also the enantlOselectivity of the 
vartous dlmer mediated reactions that may occur 
If this system IS true, then the use of an enantlOmerically Impure ligand may produce 
enantioselectlvlty of an equal level to that of an enantiomerieally pure Itgand, but with 
a reduced rate of reactIOn 
In the addItIon of diethylzmc to aromatic aldehydes, the established transition state 
model Incorporates only one molecule of ligand Therefore for a ligand to 
demonstrate a nonhnear effect withm this system, the cause must be the reservoir 
effect. 
Within his study of hgands for the asymmetrtc addition of diethylzinc to 
benzaldehyde Walsh 154 has surtntzed that influencing the hgand - substrate co-
ordinatIOn would modify the mtenslty of the nonhnear effect. By increasmg the co-
ordmatIng potentIal of the su?strate, for example by addmg an electron-withdrawing 
substituent to the aromatic nng of the aldehyde, Walsh hoped to enhance the 
nonlinear effect However, he discovered the converse to be true, with an electron-
nch aromatIc aldehyde producmg an enhanced positIve nonlinear effect, and an 
electron-poor aromatic aldehyde mmlmlsIng the effect Walsh offers no explanation 
for hiS observations 
5.2 Nonlinear effects 
We have earned out an InvestigatIOn into the existence of nonlmear effects In the 
additIOn of diethylzmc to benzaldehyde m the presence of our azindme ligands. In 
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order quickly to probe the hkehhood of nonhnear effects in the system, the addItion of 
diethylzinc to benzaldehyde was carried out in the presence of 80% e.e. ligand, With 
hgands (73), (74) and (77) (Table 6). The enantiomerically impure Iigands were 
prepared by mixing enantlOmerically pure Iigands prepared from L- and 0- serine. 
The accuracies of the e e. value of the hgands were confirmed by HPLC analysIs 
(Chiracel OD). The effect of varying the e.e of the ligand on the resultant e.e. of the 
product at the end of the reaclton penod (24 h) can clearly be seen from the table. 
Table 6. The addition of diethylzinc to benzaldehyde in the presence of varying 
enantiomeric purity of our aziridine ligands. 
e.e. Ligand (%)a 
Ligand 100% 80% Effect 
(73) 95 75 Lmear 
(74) 62 28 Negative nonlinear 
(77) 96 95 Posiltve nonlmear 
5 mol% L, Et2Zn, PhMe, 24 h. 
a e e. values obtained by HPLC, Chiracel OD. 
Ligand (73) appears to show a hnear effect. Some hgands have previously been 
shown 155 to demonstrate nonhnear effects at low e e. levels, while appearing hnear at 
levels such as 80% e e. However, this ligand (73) has not been further investigated. 
Ligand (77) shows a strong posiltve nonlinear effect at the conclusion of the reaction 
ThiS effect is potentially useful as a product of 95% e.e., of higher value than the 
hgand used (80%) has been generated. Thus material of a high level of enantiomenc 
purity has been generated from poorly resolved chlral material. However, a true 
positive nonlinear effect 156 is present only If the effect IS evident during the imltal 
reaction period, that is if the e.e. of product IS constant throughout the reaction. 
Although thi> condition make, the effect le's applicable to practical applications. the 
simphfication of reaction kmetics allows the cause of the effect to be studied. During 
a repeated investigation, a sample removed from the reaction between diethylzmc and 
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benzaldehyde in the presence of (77) after just 20 minutes was shown to display the 
presence of I-phenyl propanol of an idenllcal e.e. to that of the product after 24 h. A 
positive nonlmear effect m the presence of (77) is thus thought to exist. 
Further investigatIOn in the variation of enantiose\ectivity of the addition of 
dlethylzmc to benzaldehyde with increasmg levels of enantiomeric impunty of ligand 
(77) produces a smooth positive nonhnear curve (Figure 21). 
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Figure 21. Variatiou of product ~.e. with ligand (77) e.e. 
The graph shows that the enanlloselecllvity decreases by only 3% during the use of 
100 - 60% e e. hgand (77), before faning in an approximately hnear manner to the 
origin of the graph. As this ligand has already been shown to produce product of 
constant e.e. throu hout the reaction this is a demonstratIOn of a g p ositive nonhnear 
effect. 
Ligand (74) appears to show a negative nonhnear effect, with the reduction of e e. of 
hg,lIld of 20'K cau,ing a decrease m e e of the product after 24 h of almost 55% This 
effect has been further mvestIgated with a range of lIgand e.e values (Figure 22). 
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Figure 22. Variation of product e.e. with ligand (74) e.e. 
ThIs apparent negative nonlinear effect IS unexpected. Due to the established 
transition state involvmg only one molecule of chlral hgand, Kagan's explanations 
involvmg differing kmetics of aCllve hetero and homo chlral catalysts cannot be 
applied to this system. Likewise, Kagan's reservoir effect and Noyori's mechanism do 
not pennit negative nonhnear effects to exist for thIS system, assuming the transition 
state model is correct. However, Walsh has disputed Noyori's mechanism after his 
invesllgations into the effect of altenng the substrate for this reaction. 154 Therefore 
our investIgatIOn with hgand (74) turned towards a vanation ID aromatic aldehyde 
substrate to probe this apparent negatIve nonlinear effect. 
The alternative substrates investigated were those tested in Chapter 4.2, para-
amsaldehyde to provide an electron-nch aromatlc ring and para-fluorobenzaldehyde 
to proVIde an electron-deficIent aromatIc nng (Table 7). 
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Table 7. Variation of product e.e. with varying enantiomeric purity ofligand 
(74) with various aromatic aldehydes. 
-
Aldehyde 
e.e. Ligand Benzaldehyde a Anisaldehyde a 
100 62 73 
80 28 74 
60 12 41 
40 10 37 
20 6 17 
a e e. values determIned by GC, Chrompak Chirasil CB 
5 mol% (74), Et2Zn, PhMe, 24 h 
p-F1uorobenzaldehyde a 
44 
16 
12 
10 
9 
ConsideratIOn of the product e e. in the presence of enantiomerically pure hgand in 
comparison to that in the presence of 80% e.e. ligand suggests the occurrence of 
negative nonhnear effects during the additIOn of dlethylzinc to either benzaldehyde or 
p-fluorobenzaldehyde, and a positive nonlinear effect with p-anisaldehyde. The 
negative effect wIth p-fluorobenzaldehyde displays a decrease of 64% in product e.e. 
for the initial 20% e e decrease from enantIOmencally pure to 80% e.e. hgand (74). 
This is an enhanced apparent negati ve nonlInear effect In companson to the 
unsubstituted benzaldehyde (Figure 23). 
Superficially, these results support the investigations of Walsh. He shows the 
magnitude of hiS positive nonlinear effect Increasing in the presence of an electron-
nch aromatic ring in the aldehyde, and decreaSIng in the presence of an electron-poor 
aromatic aldehyde. Ligand (74) shows a comparable effect by the reduction of 
apparent negative nonhnear effect With the removal of the electron-withdrawing 
substltuent, and a complete reversal of the nonlmear effect to positive with use 
addition of an electron-rich aromatic. 
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Figure 23. Variation of product e.e. with varying enantiomeric purity of ligand 
(74) with various aromatic aldehydes. 
However, as explored with lIgand (77), the investigation with hgand (74) has so far 
dealt only with the e.e. after 24 hours of reaction time. If this IS a true negative 
nonlmear effect, that is one caused purely by the alteration in enantlOmeric purity of 
the ligand, then the effect must also be present dunng the initial reaction conditions 
Initially an investigation was carried out with the mtent of discovenng whether 24 
hours was sufficient to deduce the e e of I-phenyl propanol at reaction completion. 
With ligands (73) and (77) this consideratIOn was unnecessary in that the reaction 
proceeded to >99% completion within the 24 hour reaction time, however, for ligand 
(74) the reaction proceeds to only 85% within this time. 
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Figure 24: Variation of product e.e. with time through the reaction. 
The variation of enantioselectivity of the reaction with time can be clearly seen from 
the graph This shows the apparent negative nonlInear effect demonstrated by lIgand 
(74) to be an Illusion. In fact, after only a short tIme, the reaction displays a linear 
effect (85% e.e. product after 30 minutes with enantIomericaIly pure ligand III 
comparison to 40% e.e. product with 50% e e. lIgand). 
A true positive nonlinear effect is however observed dunng the addition of diethylzinc 
to para-anisaIdehyde m the presence of (74). SamplIng during mitial stages of the 
reaction shows the e.e to be Virtually unchanged from the end result. 
The reduction of enantlOselectivlty with tIme throughout the reaction could be a 
consequence of one or more of several POSsibilitIes 
The ligand may be evolvmg to a produce an active species that IS less effiCient as an 
asymmetnc catalyst, for example by racemizatlOn of the ligand, or by a reversible or 
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irreversible binding of the product to the active species. Product inhlbltlon may 
remove the ligand entirely from the catalytic cycle, by the I-phenyl propanol binding 
irreversibly to the ligand to form an inactive species. This would cause the reaction to 
slow, and eventually to cease, but would not effect the enantioselectivity of the 
continuing reaction. 
Altematlvely, If the complex formed between the I-phenyl propanol and the ligand is 
an active catalyst for the reactlon, then the reaction would proceed with competitlon 
between the original ligand and the evolved active complex. If the actlve product-
hgand complex induces less enantioselectlVlty In the reactIOn than the original desired 
active catalyst, the resulting enantioselectivity of the entire reaction will gradually 
decrease with time. 
In order to probe the cause of the variation of enantioselectivity with tlme, several 
reactions have been carried out. If the ligand IS being permanently removed from the 
reaction, then the presence of stoichiometnc hgand would eradicate both the apparent 
nonhnear effect and the variatIOn In enantlOselectivity with time (Figure 25). 
In the presence of stoichlometnc ligand, the vanallOn in enantlOselectivity With time 
IS dramatically enhanced. The end result shows the enantioselectivity of the reaction 
m the presence of stoichiometric hgand (74) to be reduced, as it induces only 24% e e. 
m comparison with the 62% e e. induced by the hgand when at 5 mol%. The 
conversIOn after 24 hours is 87%, which IS comparable to the 85% observed in the 
presence of 5 mol % ligand Both of these observations were unexpected. The 
catalytic turnover was presumed to be the rate limiting factor of the system. 
However, if thiS were true, then the presence of stoichiometnc ligand would result in 
a faster reaction The decrease m enantioselectivity in the presence of a greater 
concentration of ligand is also unusual; dunng optlmisatlOn of catalytlc processes, 
ligand concentratlon is usually gradually reduced until a drop In enantioselectlvity is 
observed. 
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Figure 25. Variation of product e.e. with time with stoichiometric ligand (74). 
Further investigatIon would be reqUIred to draw any conclusIOns as to the possible 
origin of these observatIOns. 
Further consideration of Figure 25 shows that In fact the opposite enantiomer IS first 
produced at 80% e.e , followed by a gradual reversal In enantloselecttvity to produce 
the expected enantiomer This effect is not observed at all in the presence of 5 mol% 
ligand. Without substantial further investigatIOns, It IS impossible to draw any 
conclusions as to the origlO of this effect 
The possIbIlity of product inhIbition in the reaction has also been briefly investigated 
In the presence of 5 mol% (74) the only substrate not to induce a variation of e.e. with 
tIme is p-anisaldehyde. If the variation IS due to the presence of I-phenyl propanol 
wIthin the reactIOn, then the addttion of racemic I-phenylpropanol to the reaction 
mixture dunng the addition of dlethylzinc to p-amsaldehyde 10 the presence of ligand 
(74) would be expected to Cdu~e a vdrtdtion 10 enantlO~elect1V1ty (Table 8) 
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Table 8. Addition of diethylzinc to p.anisaldehyde in the presence of 5 mol % 
ligand (74) and I-phenyl propanol. 
With I-Phenyl propanol Without I-Phenyl propanol 
Time (h) e.e. (%)" Conversion (%)" e.e. (%)" Conversion (%)" 
0.25 77 - 74 -
24 32 54 73 60 
5 mol% L, Et2Zn, PhMe. 
a e.e values detennined by GC, Chrompak, Chirasll CB. 
b Conversion values obtained by 400 MHz IH NMR spectroscopy. 
It can be seen (Table 8) that the presence of I-phenyl propanol does indeed reduce 
the enantlOselectivity of the reactIon over time in the reaction of diethylzinc with p-
amsaldehyde, while not causing any significant reduction ID the conversion We may 
now postulate that the I-phenyl propanol may be a contnbutory factor ID the 
degradatIon of enantlOselectIvity during the reaction of diethylzinc to benzaldehyde. 
The origIn of the many unusual effects observed in the presence of ligand (74) is now 
conSIdered ID relatIon to Its chemIcal structure. Llgands (73) and (77) display no 
unusual effects, so the presence of the secondary amIDe wIthin the azIridine structure 
was investigated as a chemIcal ongm of the unusual effects. 
If the presence of the secondary amine alone is the cause, then ligand (80) may also 
dIsplay interestIDg effects. However, hgand (80) demonstrates a positive nonhnear 
effect (Figure 26), which IS shown to be true after samphng of the reactIon in the 
presence of enantiomerically pure ligand (80) shows the e e to be unchanged from the 
e.e. after 24 h (55%) Consequently it is assumed that the presence of both secondary 
amIDe and free hydroxyl group are required ID ligand (74) ID order to observe the 
effects previously dIscussed. 
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Figure 26. Variation of product e.e. with varying enantiomeric purity of 
ligand (80) 
The polymer-supported analogue of (74), (105), may also be of assistance in the 
investIgation into the origin of the vanation of enantloselectivity with time in the 
reaction of diethylzmc to benzaldehyde The low loadmg level of the polymer should 
Impart a degree of site isolatIOn of the ligand wlthm the polymer. Therefore. if the 
vanation of enantioselectlVlty with tIme is due to the formation of a complex 
Involving two or more ligands. then m the addition of dlethylzinc carned out in the 
presence of polymer (105). the complex would be unable to form. and the effect 
would be eradicated 
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From Chapter 4.3, Table 5: 
Table 5. The addition of diethylzinc to benzaldehyde in the presence of our 
polymeric aziridine Iigands. 
Ligand Conversion (%) a e.e. (%) b 
(105) polymer 52 
(103) polymer 62 
(102) polymer >95 
5 mol% L, EtlZn, PhMe, 24 h. 
a Conversion value determined by 250 MHz IH NMR spectroscopy. 
b e.e. value determmed by GC, Chrompak, Chlrasil CB. 
84 
88 
89 
The addItIon of dlethylzinc to benzaldehyde m the presence of polymer (105) was 
sampled after just 15 minutes of reaction, and the e e. of I-phenyl propanol was 
shown to be 83%. When compared to the 84% e e. after 24h, this suggests the 
vanation of enantIOselectIvity with tIme wlthm thiS reactIon has in fact been 
eradicated in the presence of the polymenc ligand (105). 
The enantioselectIvity of the additIon of diethylzinc to benzaldehyde in the presence 
of polymer (105) IS very simIlar to the enantioselectivity of the reaction m the 
presence of 5 mol% (74) after 30 mmutes This suggests that absence of degradation 
of enantloselectlvity during the reactIOn IS due to the presence of the polymer, 
allowing the reactIOn to proceed with good enantioselectivity. The polymer may be 
providing suffiCIent sIte isolatIOn of the ligand to prevent mteraction between either 
two molecules of ligand, or of product and ligand. 
It is interesting to note that the conversion has decreased between the solution phase 
ligand (74) and the polymenc ligand (105), as site IsolatIOn may be preventing a 
highly catalytIc complex to form, hence causmg the drop in conversion. However, as 
a ,imlIar drop In conver"on value" ob,erved between the solutIOn phase (77) and the 
polymeric (103), no conclusIOns may be drawn from thIs. 
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5.3 Rate studies 
The catalyhc ability of the Jigands in the addition of dlethylzmc to aromatic aldehydes 
has so far been shown as a conversIOn after 24 hours. However, several of these 
Jigands produce quantitative conversIOn m much less than this time period Rate 
studIes have been completed to compare the catalytic ability of the Jigands (Figure 
27). 
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Figure 27 - Conversion level against time for selected aziridine Iigands. 
It can clearly be seen from the graph that ligand (73) shows the greatest catalytic 
abilIty, with the reaction proceedmg to completIon wIthin 90 minutes This profile is 
followed closely by hgand (77) wIth lIgand (74) showmg a poorer level of catalysis. 
The competItIve. rdcemlC, non-cataly;ed redctlon in the addItion of diethylzinc to 
benzaldehyde is known to be lImited under the reactIOn condlhons, and consequently 
the reduced rate of the catalysed reachon has been dIsmIssed as an explanahon for the 
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poor enantioselectivity of the addition of diethylzmc to benzaldehyde in the presence 
of hgand (74) 
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6.0 1,4 Conjugate Addition 
6.1 Introduction 
The use of dialkylzmc reagents in the fonnation of carbon-carbon bonds is not lImited 
to additIOn to aldehydes. I ,4-Conjugate additIOn of dialkylzinc may be earned out on 
enones in the presence of a transitIOn metal complex. Where the complex contams a 
chiralligand, the process is achieved with some enantioselectivity. 
The catalytic enantlOselective conjugate addition of organometallic reagents to enones 
has been developed recently using a range of organometallic reagents. Lippard first 
reported the catalytic conjugate addition of a Grignard reagent to cyc1ohexen-2-one in 
the presence of a chiral copper (I) complex to yield (106) 157 with good 
enantlOselectivity (Scheme 92). 
o 
nBuMgBr 
Chiral copper (I) complex 
TBDPSCI 
A 74% •••• 
.. ~
HMPA 
(106) 
Scheme 92 
Tanaka reported the additIOn of methyl lithium to (E)-2-cyclopentadecenone m the 
presence of a chlral dJamino-alkoxycuprate to afford (R)-(-)-muscone in greater than 
99% e.e. (Scheme 93). 158 This excellent enantioselectlVlty was initially observed 
with the use of the ligand-copper complex in stolchlOmetnc quantities, however, 
catalytic use of 36 mol% ligand-copper complex results III a product e e. of 99%. 
Tanaka goes on to descnbe a posItive nonlinear effect found in the stoichiometric 
system A reduction in ltgand e.e. to 60% resulted in the (RH -)-muscone being 
produced in 76% e e. This was the first reported nonlinear effect in 1,4 - conjugate 
addition chemistry. 
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o 
MeLi-CuI-MeLi 
.. 
MPATH Ligand 
MPA,"U'''~UJ 
OH N I 
Scheme 93 
o 
Dialkylzmc reagents were then exploited by Soai et al. 159 who reported the use of a 
chiral nickel complex for the 1 A-conjugate addition of diethylzmc to chalcone 
(Scheme 94). 
o 
Chiral nickel complex 
EtzZn 
Scheme 94 
Although Soai's mitial work resulted in a product of only moderate e.e. (up to 45%) 
using N,N-dJbutylnorephedrine as the chlralligand for the nickel complex, many other 
ligands have been developed, includmg the aziridme hgands (107) of Nayak. 160 
(107) 
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Nayak carned out a study on the optimal conditions for high enantloselectivity in the 
conjugate addition of diethylzinc to chalcone in the presence of a chiral nickel 
complex preformed from nickel acetyl acetonoate and ligand (107). The optimal 
conditions In respect of solvent, temperature and catalyst concentration produced the 
I A-addItion product in an isolated YIeld of 75%, and 78% e e. The optimum catalytic 
amount of hgand was found to be IQ mol%; an increase to 20 mol% coincided with a 
drop to 77% e.e. of product. Nayak also reported on the scope of the reaction by 
varying the chalcone substrate by the inclusion of substltuents on the phenyl rings 160 
R' 
R 0 
(108): R = OMe, R' = H 
(109): R = H, R' = OM. 
(107)- nickel complex Rt 
.. 
Et2Zn 
Scheme 95 
The addItIOn of dlethylzlnc to (108) In the presence of 10 mol% (107)-nickel complex 
afforded the product in just 45% yield and 12% e e. Nayak attnbuted this poor level 
of enantlOselectivlty to steric crowding. The best enantioselectivity of the substrates 
tested by Nayak was proVIded by substrate (109), which affords the product in 93% 
e e. 
Alternative metal centres have also been Investigated, for example, Feringa et al. 161 
used a copper metal centre to effect the same transformation. Feringa's copper 
phosphoramidite complexes 162 are of particular Interest as they provide good to 
excellent enantlOselectivity in the addItion of diethylzinc to both acyclic and cyclic 
enones (Scheme 96). Feringa reported a range of ligands with dIffering N-
substitution, and screened them for theIr abIlity to Induce enantloselectlvity in the 
addition of dlethylzlnc to both chalcone and cyclohexen-2-one. LIgand (110) proved 
to be the best of the range for the addItion to chalcone, giVing 93% e.e. (this ligand 
mduced 60% e.e. In the addItion of diethylzinc to cyclohexen-2-one), and hgand (111) 
Wd~ reported to induce the highe~t enantlOselectlvlty In the additIOn of diethylzlnc to 
2-cyclohexenone, >98% e e (this ligand gave 75% e.e. in the addItion to chalcone). 
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o 
CuOTC 
E~Zn 
(110) 
CuOTf QO 
_. 
Et2Zn 
(111) 
Scheme 96 
(110): R = IPr 
(111): R = ·CH(ph)CH3 
83% e.e. 
>98% e.e. 
Fennga used ligand (110) in the enantlOselectlve dlethylzinc addition to a range of 
acyclic enones, with varymg enantlOselectlVlty, the products being afforded in 15-
89% e e Feringa has also reported the occurrence of negative nonlinear effects with 
several of the ligands used m this system. 
We decided to apply Nayak's 160 techmques to probe the enantlOselectivlty of the 
addlllOn of diethylzinc to a range of substituted chalcone substrates in the presence of 
a nickel centre with our aziridine ligands. 
6.2 Synthesis of Chalcone Substrates 
We decided to synthesize a selection of the chalcone substrates used by Nayak 160 for 
the <Iddltlon of dlethylzmc m the pre,ence of the azmdme-mckel complex. 
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Followmg the procedures of Nayak the chalcone substrates were synthesized by the 
condensation reaction of the substituted acetophenone with the appropriate substituted 
benzaldehyde (Scheme 97). The substrates were chosen from those which had 
proved either partIcularly successful or unsuccessful in Nayak's report. 
o 
d'''-': 0 R-1,& ~R' V o I) 
(112): R = H; R' = 4·CJ 
(113) : R = H; R' = 3·0Me 
(114) : R = 2·0Me; R' = H 
(115): R = 3·0Me; R' = H 
i) KOH, EtOH, H20, (74 - 82 %). 
Scheme 97 
6.3 Use of the Aziridine Series 
Following Nayak's optImal procedure, the active nIckel complex was formed by 
heating anhydrous nickel (IT) acetyl acetonoate with the relevant lIgand in acetonitrile 
for one hour. The formation of the complex was mdlcated by the decolourization of 
the clear solutIOn. This solutIon was then cooled to room temperature for the addItion 
of the chalcone substrate, then cooled further to -30 QC, before the addition of a 
solution of diethylzinc in toluene (Scheme 98). 
o 
(112) : R = H; R' = 4·CI 
(113) : R = H; R' = 3·0Me 
(114) : R = 2·0Me; R' = H 
(115): R = 3·0Me; R' = H 
o 
I) ---'''---lI.~ "-': 
R-' 
',& 
(116) : R = H; R' = 4·CI 
(117) : R = H; R' = 3·0Me 
(118) : R = 2·0Me; R' = H 
(119) : R = 3·0Me; R' = H 
(120):R=R'=H 
i) 10 'le L, 9 '7c NI(acacl1, Et,Zn, MeCN. 
Scheme 98 
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Nayak recommended adding both the chalcone substrate and the dlethylzinc at the 
lower temperature; however, we found that some of the chalcone substrates were only 
sparingly soluble in the reactIOn solvent, and were therefore added at room 
temperature, and the solution cooled only after dissolution (Table 9). 
Table 9: The 1,4 - conjugate addition of diethylzinc to substituted chalcone 
substrates in the presence of our aziridine ligands. 
Ligand Substrate e.e. (%)" 
(73) Chalcone 75 (78'00) 
(77) Chalcone 69 
(77) (112) 49 
(77) (113) 58 
(77) (114) 8 
(77) (115) 68 
(76) Chalcone 58 
(74) Chalcone 12 
(74) (112) 7 
(74) (113) 8 
(74) (114) 0 
(74) (115) 11 
(78) Chalcone 24 
(75) Chalcone 14 
(79) Chalcone 0 
(80) Chalcone 0 
(102) polymer Chalcone no reaction" 
(103) polymer Chalcone no reaction" 
(105) polymer Chalcone no reaction" 
(104) polymer Chalcone no reaction" 
9 mol% Ni(acach, 10 mol% L, Et2Zn, MeCN, -30°C, 3h . 
•• t' t' s obtamed by HPLC, Chiracel OD, 98 9 0 2 hexanes. ,PrOH, flow rate dependent 
on substrate - see experimental section 
b No product visible by 400 MHz 'H NMR spectroscopy. 
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Disappointingly, the results shown in Table 9 demonstrate the failure of our Jigands 
to match the enantioselectivity obtained by Nayak. 160 However, it is interesting to 
notice the trend in enantlOselectlVlty according to the size of N-substltutlOn on the 
azind10e lIgand The N-trityl substItuted aziridine promotes the greatest 
enantioselectivlty on this reaction, followed by the N-benzhydryl (77), N-fluorenyl 
(76), N-benzyl (78), N-methyl (75) and finally the unsubstItuted aziridine (74). 
The vanatlOn In substrate causes variation m enantioselectivity in the reaction that IS 
comparable to that reported by Nayak, 160 although theIr optimal substrate IS (112), 
which they report to give 93% e e. with hgand (73) Our hgand (77) affords a product 
of just 68% e e. with this substrate 
In all cases with our azmdine ligands, the presence of l,2-addttion was not detected 
by 100 MHz IJC NMR spectroscopy. 
The polymer-supported hgands (102), (103), (105) and the underivatized styrene 
polymer (104) all failed to catalyse the reaction to a level detectable by 400 MHz 
proton NMR spectroscopy after 3 hours. There are several possible reasons for thIS. 
FIrstly, the heatmg of the ligand to form the actIve nickel complex may have damaged 
the polymer structure Secondly, the low temperature used for this reaction viSIbly 
reduced the swellIng capacIty of the polymers, and finally the potentIal site isolatIon 
wlth10 the macroporous structure may have prevented an active specIes formmg. In 
addItion, the proposed pathway of the reaction reqUIres a complex containing two 
ligand molecules. The absence of reactIOn in the presence of polymer-supported 
hgands supports thIS pathway. 
Two of our Jigands (77) and (74) of lower enantIOmenc punty were then applied to 
the reactIon, to probe any nonlmear effects present m thIS system. Fennga et al. 162 
have reported negatIve nonlinear effects with their copper-medIated system. 
However, WIth the two of our ligands tested, the prelimmary results (Table 10) 
,uggest that no nonlmear effect I, pre,ent 
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Table 10: Investigation into nonlinear effects in the conjugate addition of 
diethylzinc to chalcone-type substrates in the presence of our Iigands. 
Substrate 
Chalcone (112) 
Ligand Ligand e.e. (%) Product e.e. (%)a 
(77) lOO 69 49 
(77) 80 50 35 
(77) 20 15 10 
(74) lOO 12 7 
(74) 80 9 n.d." 
(74) 20 3 n d." 
9 mol% Nl(acach, 10 mol% L, EtzZn, MeCN, -30 DC, 3h. 
a e e s obtamed by HPLC, Chiracel OD, 99.8: 02 hexanes. 'PrOH, flow rate 
dependent on substrate - see experimental section. 
b n d.: not determined - e e too low for accuracy on HPLC. 
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Conclusion 
In conclusIOn, we have synthesized a range of polymer-supported hgands. The 
instabihty towards acid of our flfst tyrosine-derived polymer (45) led our 
investigation to serine and threonine-derived analogues (53) and (60). These proved 
sufficiently stable for our purposes, and were used as catalytic Jigands in the 
asymmetnc addition of diethylzinc to benzaldehyde. Although they were successful 
in the catalysis of the reaction, the enantIOselectivlty imparted on the reaction was 
poor. These polymer-supported Jigands were then derivatized for use in the 
asymmetric epoxidation of I-phenylcyclohexene by Oxone, but again, although they 
catalysed the reaction It was with poor selectivity. 
Cyclic serine-derived aziridine Jigands were then investigated in solution phase in the 
asymmetric addition of diethylzinc to benzaldehyde. These were found to impart 
good enantioselectIvity on the reaction. Polymer-supported analogues of these 
aziridine ligands were also found enantIoselectIvely to catalyse the reactIOn 
successfully. In solution phase, substrate-dependent nonlinear effects were probed 10 
the addition of diethylzinc to benzaldehyde in the presence of several of our azindme 
hgands, and an interesting relationship between reaction time and enantioselectIvity 
was observed. 
Our azindme Jigands have also been used in the asymmetric I, 4-addltion of 
diethy lzinc to chalcone type substrates, both in solution phase and on polymer 
support. In solution phase our hgands catalysed this reaction with moderate to good 
enantioselectivity, however the polymer-supported analogous Jigands were found to 
be completely ineffective in this reaction. 
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Experimental 
7.1 Experimental Information 
All experiments are carried out under nitrogen in anhydrous condillons unless 
otherwise stated. 
Reagents and chemicals were purchased from Lancaster Chemical Synthesis Ltd. 
Aldrich Chemical Company Ltd. Avocado and Pluka and used as sold unless 
otherwise stated. 
Dichloromethane' distilled over phosphorus pentoxlde 
Ethyl acetate. petroleum ether. methanol: distilled over calcium chloride. 
Toluene: distilled over sodium. 
Tetrahydrofuran: bought from Aldrich Chemical company and dislllled over sodIUm. 
Diethyl ether. chloroform. hexanes: used as bought from Fisher Scientific UK. 
Analytical procedures 
Analytical and preparallve thin layer chromatography were carried out using 
aluminium back plates coated with 0.2mm silica. Plates were viewed under UV light 
(at 254nm) and by stainmg with potassium permanganate solution. 
HPLC was carried out on a Chrracel OD or OD-H column. with the solvent 
concentration and rate of flow stated in the individual experimentals. 
GC was carried out using a Chrompak Chirasll CB column with hydrogen as the 
mobile gas phase at 1Opsi. Individual temperatures are shown in the experimental 
procedures. 
Infra-red spectroscopy was carried out using a Perkin-Ehner Fourier Transform 
Paragon 1000 spectrophotometer. recording in the range 4000-600 cm·l . 
Proton and carbon nuclear magnetic resonance spectra were recorded using either 
Bruker AC-250 or DPX-400 instruments. 
Accurate mass and mass spectra were obtained using a Kratos MS-SO machine. 
Elemental analysis was carried out on a Perkin-Ehner CHN Elemental Analyser. 
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Methyl 2( {[ (1,I-dimethylethyl)oxy ]carbonyl }amino )-3-( 4-hydroxyphenyl) 
propanoa te (41). 136 
5
N 
r-0rOD H)-O:'=-
o 
To a solution of tyrosme methyl ester hydrochloride (25 g, 108 mmol) in water (50 
mI) a solution of potassium carbonate (14.9 g, 108 mmol) in water (50 mI) was added 
over 15 min. The resultmg white preCIpItate was collected by filtration and washed 
with water (3 x 50 mI). The dned precipitate was suspended in a mixture of tert-
butanol (50 mI) and diethyl ether (75 ml). A solution of dI-tert-butyl dicarbonate 
(22.9 g, 105 mmol) in dIethyl ether (50 mI) was added dropwise over 30 min. The 
mixture was left to stir for a further 30 min before dilution with diethyl ether (75mI). 
The solution was washed with water (3 x 50 mI) and dried over sodium suIfate. 
Evaporation to dryness yielded 23.8 g (74 %) whIte crystals. mp 102-104 cC. [CI.]o = 
+ 11.6 (c 0.31, CH2Ch). 1)max!cm· l . 3395, 1759, 1686, 1164. IH NMR (400 MHz. 
CDCl), 55°C) liH: 1 42 (s, 9H), 2 96-3.07 (rn, 2H); 3.68 (s, 3H); 4.48-4 55 (rn, IH); 
506 (d, J = 8, IH); 5.99 (s, IH); 6.73 (d, J = 8, 2H); 6.94 (d, J = 8, 2H). 13C NMR 
(100 MHz, CDCh, 55°C) lie: 28.7 (3),38.1,52.4,55.4,80.6,116.0,121.5,1280, 
130.5,130.7,133.9, 155.6, 172.8 .. mlz: 295.14229 M + H (295.14191 required), 57 
(62 %), 107 (100 %), 178 (62 %),295 (0.5 %). Anal ca\cd for C1sH21NOs C, 61.0; H, 
7.2; N, 4.8. Found C, 61.0; H, 7.1; N, 4 3 
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1,1-dimetbylethyl N-{2-hydroxy-l-[(4-hyrdoxyphenyI)methyI]ethyl} carbamate_ 
(42) 
~~OH 
HO 
A suspension of calcium chloride (5 0 g. 42 mmol) in anhydrous THF (80 ml) was 
cooled to 0 DC. Sodium borohydride (3 2 g. 84 mmol) was added cauuously and the 
mixture was allowed to warm to room temperature, then warmed to reflux for 1 h 
The mixture was allowed to cool to room temperature for the addition of (41) (5 g. 17 
mmol). The resulting white suspension was stirred for 19 h. The reaction was 
quenched by portion-wise addiuon of water (200 ml). and extracted into 
dichloromethane (2 x 100 ml). The organic layer was dried over magnesium sulfate. 
and evaporated to dryness to give a white solid. Recrystallization from 
dichloromethanel petroleum ether yielded 3 93 g (88 %) white crystals. mp 108-109 
DC. [et]o = - 18.9 (c 0.45, CH2Ch). 1lmax/cm·1 3426, 1646, 1149. IH NMR (400 
MHz. DMSO) .sH: 1.34 (s. 9H), 2.46 - 2 49 (m, lH); 2.66 - 2.71 (m. lH); 3.25 - 3 40 
(m, 2H); 3.50 - 3.52 (m. 1H); 4 62 (t. J = 6, 11. 1H), 6.47 (d, J = 8, 1H); 6.65 (d. J = 
8. 2H); 6 98 (d, J = 8, 2H); 9.09 (s. lH). t3C NMR (100 MHz. DMSO) .sc· 28.6 (3). 
36.3.54.5.63.1.77.7, 115.2 (2). 129.7, 130.3 (2).155.5.155.8. rnlz 267.14732 
(267 14706 requtred), 60 (100 %). 107 (70 %); 267 (05 %). C14H21N04 
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1,1-diroethylethyI4-[(4-hydroxy phenyl methyIJ-2,2 -diroethyl-l,3-oxazolane-3-
carboxylate. (43) 
To a solution of (42) (0 5 g, 1.9 mmol) in acetone (16 ml) and 2,2-diroethoxypropane 
(5 ml) was added boron trifluonde etherate (0.1 ml). The yellow solution was stirred 
at room temperature for 90 min_ The reaction was quenched by triethylamine (0.1 ml) 
and the mixture concentrated in vacuo to an orange oil. Column chromatography 
(silica; eluent, 5.1 petroleum ether: ethyl acetate) Yielded 0.54 g (94 %) of (43) as pale 
yellow crystals. mp 87 - 89 'c. [aJo = -29.4 (c 1.1, CH2Ch). vmaxfcm·1 3454, 1667, 
1403,1171. IH NMR (400 MHz, DMSO, 90 cc)~: 144 (s, 3H); 1.47 (s, 3H); 1.48 
(s, 9H); 2.50-2.63 (m, IH); 2.90 (dd, J = 3, 13, IH); 3.70 (dd, J = 2, 9, IH); 3.80-3 84 
(m, IH); 3 96-3.98 (m, IH); 6.72 (d, J = 8, 2H); 6.99 (d, J = 8, 2H). I3C NMR (100 
MHz, DMSO, 100 'C) .se 23.4, 26 1,27.6 (3), 37.4, 57.9, 65.4, 78.5, 92.6, 114 8 (2), 
128.0, 129.2 (2),150.8,1553. mlz 307.17790 (307.17836 required), 41 (18 %); 57 
(100 %); 100 (35 %); 107 (26 %); 108 (11 %); 144 (10 %); 307 (2.8 %). Anal. calcd 
for C17H25NO. C, 66.4, H, 8 2, N, 4 6. Found: C, 66.4; H, 8.2; N: 44 
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l,l-dimethy lethyl 2,2-dimethyl-4-( {4-[ (2-methylacryoyl)oxy ]phenyl }methyl)-l,3-
oxazloane-3-carboxylate. (44) 
oJ.~ ~ f-o)=o 
-!-o ~ 
To a solution of (43) (0.1 g, 0.3 mmol) in dichloromethane (10 m1) was added 
methacrylic acid (0 03 g, 0.3 mmol), followed by N, N - dicyclohexylcarbodiiroide 
(007 g, 0.3 mmol) and 4-dimethylaminopyridine (10 mol%, 0 004 g, 0 03 mmol). 
The mixture was stirred at room temperature for 19 h The white suspension was 
filtered, and the filtrate concentrated in vacuo The residue was redlssolved in ice 
cold diethyl ether and flltered through cellite. The flltrate was evaporated to dryness 
and purified by column chromatography (silica, eluent: 4:1 petroleum ether: ethyl 
acetate) to give 0.085g (70%) of (44) as a clear colourless Oll [a]d = - 13.3 (c 2.19, 
CH2CI2) umax/cm·1 1736, 1697, 1508, 1201, 1168, 1129. IH NMR (250 MHz, 
CDC!) OH: 1.53 (s, I2H); 1.64 (s, 3H); 2 05 (s, 3H); 2 67 (d, J = 11, 13, 1H), 3.08-
3.21 (m, 1H); 3 71-3.83 (m, 2H) 3.95-4 07 (m, 1H); 5 74 (s, 1H); 6.33 (s, 1H); 7.05 
(d, J = 6, 2H); 7.19-7.28 (m, 2H). 13C NMR (100 MHz, CDC!) oe: 18.5,23.6 (3), 
24.9 (2), 39 4, 59.7, 664,806,94.0,122.1 (2), 127.5, 130.6 (2), 136.3, 150.0 (2), 
152.5, 1663. mlz 375.20510 (37520457 required), 57 (100%), 69 (60%), 100 
(83%),375 (<1 %) Anal. calcd for C2IH29NOs. C, 67.2; H, 78; N, 3.7. Found: C, 
67.1; H, 7.9; N, 3.7. 
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l,l-dimethylethyl 2,2-dimethy 1-4-( (4-[(2-rnethylacryoyI)oxy ]phenyl }rnethyl)-l,3-
oxazloane-3-carboxylate (44) - Method 2. 
To a solution of (43) (0.1 g. 0.3 nunol) in tetrahydrofuran (5 rnl) was added 
triethylamine (0 03 g. 0 3 nunol). The solutton was cooled to O°C for the additton of 
methacryoyl chloride (0.034 g. 0.3 nunol). The reaction was then allowed to warm to 
room temperature and sUITed for a further 2 h. The reaction was quenched with water 
(50 rol). extracted into dichloromethane (50 ml) and dried over magnesium suIfate. 
The solullon was evaporated to dryness in vacuo to give 0.091 g (80%) (44) as a clear 
colourless oil No further purification was required [a]d = - 13 3 (c 2.19. CH2Ch). 
'Umaxlcm'l 1736. 1697. 1508.1201. 1168. 1129. IH NMR (250 MHz. CDCh) OH: 153 
(s. 12H); 164 (s. 3H); 2.05 (s. 3H); 2.67 (d. J = 11. 13. lH); 3.08-3.21 (rn. lH); 3.71-
3.83 (m. 2H) 3 95-4.07 (m. IH); 5 74 (5. IH); 6.33 (s. lH); 7.05 (d. J = 6. 2H); 7.19-
7.28 (m. 2H). I3C NMR (100 MHz. CDCh) oc' 18.5.236 (3). 24.9 (2). 39.4. 59 7. 
664. 80.6.94.0. 122.1 (2). 127.5. 130.6 (2). 136.3. 150.0 (2). 152.5. 1663. mlz 
375.20510 (375.20457 required). 57 (100%). 69 (60%).100 (83%). 375 «1%). Anal. 
calcd for C21H29NOs: C. 67.2. H. 78. N. 3.7. Found: C. 67.1; H. 7.9; N. 3.7 
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Polymer supported protected tyrosinol (45) 
(44) (1 g, 2.6 mmol) was dissolved in methylmethacrylate (5.33 g, 41 mmol). 
Benzoyl peroxide (75 % in water, 1 mol%, 0.26 mmol, 0 06 g) was added and the 
reaction heated to 100 DC for 30 min. The resultmg solId was allowed to cool to room 
temperature, dissolved in dichloromethane, and precipItated by petroleum ether. The 
resulting powder was then dried In vacuo at 60 DC for 48 h to YIeld 5 g (79 %) (45) as 
- a white powder. [aja = -3.2 (c 0.28, CH2Ch). umax/cm·I 1730, 1150. IH NMR (250 
MHz, CDCi) OH. 0.83. (s, 48H); 1.02 (s, 34H); 1.51 (s, 15H); 2.55-2.65 (m, IH); 
308-3.29 (m, IH); 3.6 (s, 48 H). 3.68-380 (m, 2H); 3.85-4.05 (m, IH); 7.15-7.23 (ID, 
4H). Anal. calcd for {repeating unit: (C2IHu;NOs) (CSHs02)16) C101H1s.,N037 C. 61 4; 
H, 7.9; N, 0 71. Found C, 61.1; H, 8.3; N, 0.73 
0.5 mmoVg loading calculated from percentage of nitrogen present, confrrmed by IH 
NMR - 16 methacrylate units for every 1 tyrosine derivative unit 
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Polymer supported tyrosinol (46) 
A solution of (45) (0 19 g, 0095 mmol) in dichloromethane (5 ml) was treated with 
trifluoroacetic acid (5 ml, excess). The reaction was stirred at room temperature for 2 
h. Dtethyl ether (20 ml) was added to precipitate the polymer, which was then 
removed by filtration, washed further with diethyl ether and dried in vacua at 40 DC 
for 2 days. [alD = 0 (c 1.1, CH2Ch). umax/cm·t 1730, 1192, 1148. tH NMR (250 
MHz, CDCll) IlH : 0.85 (s, 3H); 1.82 (s, 2H); 3.61 (s, 3H). 
Phenolic ester linkage cleaved. 
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MethyI2-amino-3-hydroxy propanoate (47) 
Acetyl chloride (50 ml) was added dropwise over 15 min to methanol (350 ml) at 0 
Cc. L-Serine (25 g, 238 =01) was then added to the solution. The reactIOn was 
allowed to warm to room temperature then refluxed for 2 h The solvents were 
removed m vacuo and the resulting yellow sohd was washed further With methanol, 
and then evaporated to dryness. Yield 39.4 g (-100 %) pale yellow salt. The 
hydrochlonde salt was presumed to be pure, and the product was used for the next 
reaction without any further punfication or analysis. 
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MethyI2-({[{1,1-dimethylethyl)oxy]carbonyI}amino)-3-hydroxypropanoate (48) 
Triethylamine (54.75 g, 540 mmol) was added to a suspension of (47) (39 g, 250 
mmol) iu tetrahydrofuran (300 ml) at 0 'C. A solutIOn of di-tert-butyl dicarbonate 
(248 mmol, 54.2 g) in tetrahydrofuran (150 rol) was added over 30 miu. The mixture 
was allowed to warm to room temperature and stirred for 20 h. The reaction was then 
warmed to 50 'C for a further 2 h. The resulttng solutton was concentrated in vacuo, 
and the residue partitioned between diethyl ether (100 ml) and water (100 ml). The 
aqueous layer was extracted with diethyl ether (2 x 100 ml) and the combiued ethereal 
layers were washed successively with 3% aqueous hydrochlonc acid (100 ml), 5 % 
aqueous sodium hydrogen carbonate solution (100 ml) and saturated bnne (lOO ml), 
then dried over magnesIUm sulfate. The product was evaporated to dryness to yield 
40.74 g (77%) pale yellow oil. [a]D= + 7.9 (c 0.90, CH2Ch). llmax/cm·t: 3391, 2978, 
1714,1698. tH NMR (400 MHz, CDCh) OH· 1.45 (5, 9H); 3 06 (5, IH); 3.76 (5, 3H); 
3.94 - 4.05 (m, 2H); 4.35 - 4.41 (m, IH); 5.82 (d, J = 8, IH). \3C NMR (100 MHz, 
CDCh) oc· 28.5 (3); 52 7, 56.0; 63.0; 80.3; 156.2; 171.90 mlz· 219.11052 
(219.11067 reqUITed); 57 (100 %) 133 (66%) 220 (M + H) (1.3 %) Q,H17NOs. 
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MethyI2-({[(l,1-dimethyletbyl)oxy]carbonyl}amino)-3-hydroxypropanoate (49) 
-/)< 
o )..0 
o 
~ 
A solution of (48) (10 g. 46 mmol) in acetone (120 m1) and 2.2-dimethoxypropane (50 
m1) was treated with boron tnfluonde etherate (0.3 m1). The reaclIon mixture was 
stured at room temperature for 2 h The resulting IDIxture was concentrated in vacuo 
to an orange residue and dissolved in dichloromethane (50 m1). The solution was 
washed successively With a 1:1 saturated aqueous sodium hydrogen carbonate' water 
solution (100 m1) and saturated bnne (150 m1). then dried over magnesium sulfate and 
the solvents removed in vacuo Yield 10 1 g (86 %) pale yellow oil [et]D = -18.6 (c 
0,51. CH2CI2). umaJcm·1 : 2980. 1766. 1706. 1456. 1092. lH NMR (400 MHz. 
CDCh. 70 DC) OH: 1 42 (s. 9H); 1.54 (d. J = 4. 3H); 1 66 (d. J = 12. 3H); 3.76 (s. 3H); 
4.04 (dt. J = 4. 12.20. IH); 4.15 (q. J = 12. 16. 1H). 4.37 - 4 50 (m. IH) llC NMR 
(100 MHz. CJ)6. 70 DC) Oe: 25.1; 25.7; 28 7 (3). 54.2; 60.1; 66 61; 80 3; 95.5; 
151.9; 171.5. mlz: 259.14237 (25914197 required). 186 (100 %) 258 (M-H) (05 
%) C12H2lNOS 
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1,1-dimethylethyl-4-(hydroxymethyl)-2,2-dimethyl-l,3-oxazolane-3-carboxylate 
(50) 
Calcium chloride (1.15 g, 9.6 mmol) was stirred in tetrahydrofuran (20 ml)for 10 min 
at 0 cC. Sodium borohydride (073 g, 193 mmol) was added cautIously and the 
mixture was allowed to warm to room temperature, then heated to reflux for 1h The 
reaction was cooled to room temperature, and (49) (1 g, 3.9 mmol) was added. The 
resulting suspension was stirred overnight. The reaction was quenched WIth water 
(100 ml), and extracted into dichloromethane (50 ml). The organic layer was dried 
over magnesium sulfate, and the solvents removed in vacuo to yield (50) as a pale 
yellOW oil, 0.75 g (84 %). [alD = -533 (c 0.27, CHzClz). u.,.Jcm-1• 3440,2979, 
1698,1073. IH NMR (250 MHz, CDCI3) OH: l.49 (s, 9H), l.55 (s, 6H); 3.53-3 65 
(m, 1H); 3.73-3.87 (m, 2H); 3 96-409 (rn, 2H). 13C NMR (100 MHz, CDCh) Oc: 
246,256; 26.7; 28.4 (3); 59 5; 649; 8l.1; 94.1; 154.1. CllHz1N04. mlz: 231.14735 
(231.14706 required), 56 (lOO %); 232 (M +H) (0.5 %). 
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1,1 - dimethyl ethyl 2,2-dimethyl-4-{[(2-methacryloyl)oxy lmethyl) J-1,3-
oxazolane-3-carboxylate (51) 
Methacrylic acid (1.67 g, 19.5 mmol) was added to a solution of (50) (4.5 g, 19.5 
mmol) in dichloromethane (80 ml). A mixture of N, N - dicycIohexyIcarbodiimide 
(4.0 g, 19.5 mmol) and 4-dimethylaminopyndme (10 %mol, 0.095 g, 1.95 mmol) was 
added The mixture was stirred at room temperature for 19 h The white suspension 
was fIltered, and the fIltrate concentrated in vacuo. The residue was redissolved in ice 
cold ~Iethyl ether and fIltered through cellite. The fIltrate concentrated in vacuo and 
punfied by column chromatography (slllca, eluent 4:1 petroleum ether: ethyl acetate) 
to give 3 3 g (57%) (51) as pale yellow crystals. [ale = -361 (c 0.31, CH2Ch). 
llmax/cm·1 1712, 1702, 1388, 1160, 1089. IHNMR (250 MHz, CDCI3) I5H: 1.48 (s, 
9H); 1 56 (s, 3H); 1 60 (s, 3H), 1.95 (s, 3H); 3.82 - 4.38 (m, 5H), 5 59 (5, IH); 6.13 (5, 
IH) llC NMR (100 MHz, C~6) 15 c: 24.2; 24.3; 28.5 (3); 51.6; 56 5; 64.2; 65 6; 
80.2; 94.4; 125 0, 137.1; 152.2; 163.4. mlz 299.17289 (299.17327 required), 57 
(100 %); 184 (90 %) 300 (M + H) (0.4 %) Anal. caIcd for CI5H25N05 C, 602; H, 
8.4; N, 4.7. Found C, 60.4; H, 8.5; N, 47. 
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Polymer supported protected serinol (52) 
Benzoyl peroxIde (75 % solution in water, 1 mol%, 0 004 g, 0.017 mmol) was added 
to a solution of (51) (0.5 g, 1.7 mmol) in methyIrnethacrylate (3.34 g, 334 mmol). 
The solution was heated to 100 DC for 19 h, at which tinIe the mixture had solidIfied 
The solid swollen and washed ill dIchloromethane then precipitated by petroleum 
ether to gIve 2 g (52 %) white powder. 'Ilmax/cm·1 (KBr). 1735, 1702, 1148. IH NMR 
(250 MHz, CDCh - gel) OH· 0 85 (s, 42H); 1.02 -1.35 (m, 30H); 148 (5, 9H); 1 51-
1 55 (m, 6H); 1 82 (s, 3H); 3 60 (5, 42H); 3 82-4 38 (m, 5H) Anal. calcd for 
{repeatmg unit" (ClsH2SNOs)(CsHs02)14} CssH137N033: C, 60.2; H, 8.2; N, 0 82. 
Found: C. 60.8, H, 8 6; N, 0 82 
Polymer insoluble. 
06 mmoVg loading calculated from percentage of rutrogen present, confirmed by IH 
NMR -14 methacrylate uruts for every 1 senne derivative unit. 
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Polymer supported serinol (53) 
A suspension of (52) (0.19 g) in dichloromethane (5 ml) was stirred at room 
temperature for 1 h to allow swelling to occur. Trifluoroacetic acid (5 rnl) was added 
and the suspension was stirred for 19 h. Diethy1 ether (50 ml) was added to the 
reaction mixture, and it was cooled to 0 QC. The resulting white precipitate was 
filtered, suspended again In dichloromethane and precipitated out with dlethyl ether 
The white precipitate was then collected and dried in vacuo to yield 0.112g (59%) of 
the tnfiuoroacetate salt of (53) as a white powder. Uma,lcm·1 (KBr): 3447, 1734, 
1174,668. IH NMR (250 MHz, CDCll- gel) OH. 0 84 (s, 42H); 1.02 -1.35 (m, 30H); 
1.82 (s, 3H), 3.60 (s, 42H); 3.824 38 (m, 5H) Anal. calcd for {repeating urnt· 
(C7HIlNOl.CFlC02H)(CsHsO,)14) C79HluN0llFl: C, 56 6; H, 7.6; N, 083. Found. 
C, 55 4, H, 7.6; N, 0.71. 
The trifluoroacetic acid salt (0 052 g, 0.018 mmol CFlCOOI was allowed to swell in 
methanol (10 ml) for 45 min. Triethylamine (0.02 ml, 0.1 mmol) was added and the 
mixture was stirred at room temperature for 1 h. A white precipitate was filtered off 
and recrystalbzed from dichloromethane! petroleum ether. The resulting white 
powder was dried at 50°C in vacuo for 2 days, to give 0 041 g (90 %) (53) as a white 
powder. umax!cm·1 (KBr): 3444,1734,1457,1148. lHNMR(250MHz, CDCll-gel) 
OH: 0.84 (s, 42H); 1.02 -1.24 (m, 30H), 1.82 (s, 3H); 3.60 (5, 42H); 3.82-438 (m, 
5H) Anal. calcd for {repeating unit: (C7HllNOl)(CsHs02)14) C77H12S031N: C, 59 2; 
H, 8.1; N, 0.9 Found. C, 572, H, 7.9, N, 09 
Polymers insoluble. 
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Polymer supported serinol (53) 
A suspension of (52) (0.19 g) in dichIoromethane (5 ml) was stirred at room 
temperature for 1 h to allow swellmg to occur Tnfluoroacetic acid (5 ml) was added 
and the suspension was stirred for 19 h Diethyl ether (50 ml) was added to the 
reaction mixture, and It was cooled to 0 DC. The resulting white precipitate was 
filtered, suspended again in dlchloromethane and precipitated out with dlethyl ether. 
The white precipitate was then collected and dried In vacuo to yteld 0 112g (59%) of 
the trifluoroacetate salt of (53) as a white powder. \Jmax/cm-t (KBr): 3447, 1734, 
1174,668. IH NMR (250 MHz, CDCh - gel) OH: 0.84 (s, 42H); 1 02 -1.35 (m, 30H); 
1.82 (s, 3H); 3.60 (s, 42H); 3.82-4 38 (m, 5H) Anal. calcd for {repeating unit: 
(C7HI3N03.CF3C02H)(CsHsCh)14) C79Ht26N033F3: C, 56.6; H, 7.6; N, 0.83 Found: 
C, 55 4, H, 7.6; N, 0.71 
The tnfluoroacetic acid salt (0 052 g, 0018 =01 CF3COO,) was allowed to swell in 
methanol (10 ml) for 45 min Triethylamine (0.02 ml, 0 1 =01) was added and the 
mixture was st1fred' at room temperature for 1 h. A white precipitate was filtered off 
and recrystallized from dichloromethanel petroleum ether. The resulting white 
powder was dried at 50 DC In vacuo for 2 days, to give 0 041 g (90 %) (53) as a white 
powder. \lmax/cm-1 (KBr): 3444, 1734, 1457, 1148. IH NMR (250 MHz, CDCh - gel) 
OH: 0.84 (s, 42H); 1 02 -1.24 (ID, 30H), 1.82 (s, 3H); 3 60 (s, 42H); 3 82-4.38 (m, 
5H) Anal. calcd for {repeating umt· (C7HI3NO:l)(CsHsCh)t4) C71HI2S03tN: C. 59.2, 
H, 8.1; N, 0.9. Found: C, 57.2; H, 7.9, N, 0 9. 
Polymers insoluble. 
173 
Methyl 2-amino-3-hydroxy butanoate (54) 
):
" OH 
" 
MeO + 
NH3 
o er 
Acetyl Chloride (50 mI) was added dropwise over 20 min to methanol (300 mI) at 0 
0c, L-Threonine (25.0 g, 210 mmol) was then added to the solution. The mixture 
was allowed to warm to room temperature, then to heated to reflux for 2 h. The 
solution was concentrated in vacuo, the residue was washed with methanol, then 
evaporated to dryness to give -36 g (100 %) pale yellow solid. The product was 
carried through to the next step with no further punfication or analysis. 
174 
Methyl 2({[(1,1-dimethylethyl)oxy]carbonyl}amino)-3-hydroxybutanoate (55) 
A suspensIOn of (54) (36.0 g, 212 mmol) ID tetrabydrofuran (300 ml) was treated with 
triethylamine (47.3 g, 467 mmol), and the solutIOn cooled to 0 cC. Di-tert-butyl 
dlcarbonate (45.8 g, 210 mmol) in tetrahydrotilran (50 ml) was added over 20 min. 
The IDIXture was allowed to warm to room temperature and stlrred for 19 h. The 
reacuon was then heated to 50 Cc for a further 2 h. The solution was concentrated in 
vacuo, and the residue partitIOned between diethyl ether (200 ml) and water (200 ml) 
The aqueous layer was extracted With dlethyl ether (100 ml), and the combined 
ethereal layers were washed successively With 3 % aqueous hydrochloric acid (80 
ml),5 % aqueous sodium hydrogen carbonate (100 ml) and saturated brine (100ml), 
then dried over magnesIUm sulfate. The solution was evaporated to dryness to give 
38.8 g (78 %) clear colourless oil. [ald= - 7.6 (c 0.33, CH2Ch). umax!cm-1 3428, 
1745,1716,1163. IH NMR (400 MHz. CDCh)~' 125 (d, J = 8, 3H); 1.46 (s. 9H); 
2.64 (s, 1H); 3.77 (s. 3H); 4 27 - 4.31 (m, 2H); 5 42 (d, J = 14, 1H). 13C NMR (lOO 
MHz, CDCh) lie 19.9,28.3 (3), 52.5. 58.8, 68.1, 80.1, 1562, 172.0. mlz: 
234.131415 M +H (234.131415 M +H required), 134 (67 %); 178 (100 %); 234 (46 
%). CIOHI9NOS. 
175 
3-(1,1-dimethyleythyI)4-methyI2,2,s-trimethyl-l,3-oxazolane-3,4-dicarboxylate 
(56) 
MeO ;C"'" Ox N 
o ~O 
° ~ 
A solution of (SS) (10 g, 43 mmol) in a co-solvent system of acetone (100 ml) and 
2,2-dlDlethoxypropane (50 ml) was treated with ethereal boron trifluonde (0 2 ml), 
The solution was stirred at room temperature for 2h. The mixture was concentrated m 
vacuo, and the residue dissolved m dichIoromethane (50 ml) The solution was then 
washed with 1:1 saturated aqueous sodium hydrogen carbonate' water (100 ml), then 
with brine (200 ml). The product was dried over magnesium sulfate, then evaporated 
to dryness to give 11.7 g (>99 %) yellow oil. [alo = -11.7 (c 0 29, CH2Ch) um • .(cm· 
I) 2980,1752, 1708, 1388. IH NMR (400 MHz, CDCh) BR' 1.25 (d, J = 6, 3H); 1.45 
(s,9H); 1.57 (s, 3H); 1.61 (s, 3H); 3.74 (s, 3H); 3.89 (d, J = 12, 1H); 4 12 - 4.16 (m, 
1H). l3C NMR (100 MHz, CDCh) /lc: 19.2 (2), 276,28.4 (3), 52.1, 66.5,74.1,805, 
- , 
953, 152.6, 171 3 mlz: 274.16516 M + H (274.16545 required), 158 (100 %); 274 
«1 %). C13H23N05. 
176 
1,1-dimethylethyI4-(hydroxymethyl)-2,2,s-trimethyl-l,3-oxazolane-3-
carhoxylate (57) 
A suspension of calcium chlonde (12 5 g, 105 mmol) in tetrahydrofuran (100 ml) at 0 
°c was treated with sodium borohydride (60% in mineral oil, 7.87 g, 210 mmol) and 
the reaction was heated to reflux for 1 h. A solution of (56) (11.5 g, 42 mmol) in 
tetrahydrofuran (30 ml) was added and the mixture stirred overnight at room 
temperature. The reaction was cooled to 0 °c and quenched with water (400 ml). The 
product was extracted into dichloromethane (50 ml), dried over magnesium sulfate 
and evaporated to dryness to give 8.9 g, (87 %) bright yellow 011. [ex]o = - 145 (c 
041, CH2Clz). umax/cm·1 3444, 1688, 1363, 1174 IHNMR (250 MHz, CDCl) OH: 
1.34 (d, J = 6, 3H); 1 46 (s, 3H); 1.50 (s, 9H); 1.58 (s, 3H); 3.46 - 3.77 (m, 4H); 4.94 
(s,IH). BC NMR (lOO MHz, CDCh) Cc 19.1,262 (2), 28.5, 28.6 (3), 62.1, 68 3, 
80.1,94.2,151.6. mlz: 246.17041 M + H (246.17054 M + H requIred), 190 (100%); 
246 (33% M + H). CI2H2,NO •. 
177 
1,l-dimethylethyl 2,2,5-trimethyl-4-{[(2-methyl acryloyl)oxy Jmethyl} 1,3-
oxazolane -3-carboxylate (58) 
A solution of (57) (5 0 g, 20.6 mmol) in dichIoromethane (50 rol) was treated with N. 
N. - dicylcohexy\carbodiiroide (4 6 g, 22.6 mmol) and 4-d1IIlethylarninopyridine (10 
mol%, 0.25 g, 2.1 mmol). Methacrylic acid (1.77 g, 206 mmol) was added and the 
solution was stlITed at room temperature for 19 h. The reaction mixture was then 
cooled ID ice, and filtered through cellite. The residue was washed With ice cold 
diethyl ether and the filtrate evaporated In vacuo. PurificatIOn by column 
chromatography (silica, eluent: 95.5 petroleum ether: ethyl acetate) yielded 4.2 g 
(63%) pale yellow oil. [aJd= - 13 4 (c 0.33, CH2Ch). 1Jrnax/cm·1 2978, 1723, 1698, 
139l, 1161. IH NMR (250 MHz, CDCl) OH: 1.35 (d, J = 6, 3H); 1 48 (5, 12H); 1 60 
(s, 3H); 1 95 (5, 3H). 3.52-381 (m, IH), 4 10 - 4.52 (m, 3H); 5.59 (5, IH), 6.12 (s, 
IH). l3C NMR (lOO MHz, CDCl3) lie 18.6, 19 8, 25 6, 26.4, 27.8, 28.65 (3), 62.5, 
736,80.6,946, 126.1, 1360,151.6,167.3. mlz: 298.16545 M-Me (298 16524 
M-Me required), 57 (80%),114 (26%),198 (100%), 298 (6%), 313 (>0.1%). 
CI&H27NOS. 
178 
Polymer supported protected threoninol (59) 
To a solution of (58) (1.0 g, 3.1 nuno!) in methyl methacrylate (5.2 g, 51.9 mmol) was 
added benzoyl peroxide (1 mol%, 0.007 g, 0.031 nunol). The solution was heated to 
100°C for 19 h. The resulting solid was allowed to cool to room temperature, and 
swelled in dlchloromethane (100 ml). The product was then precipitated from 
petroleum ether, removed by ftltration, and the washing procedure repeated. The 
resultmg white powder was dried at 60°C In vacuo for 2 days to give 5 g (81 %) of 
polymer umax/cm·1 1728, 1698, 1'143. IH NMR (250 MHz, CDCb - gel, SS 0c) OH: 
082 (s, 39H); 1.02 - 1.28 (m, 28H), 1.48 -1.55 (m, 18H); 2.18 (s, 3H); 3 60 (s, 39H); 
302-4.38 (m,4H) Anal calcd for {repeating unit (C16H27N05)(C5Hs~)13) 
CSIH13lN031: C, 60.2; H, 8.2; N, 0 87. Found. C, 57.7; H, 8.0; N, 0.89. 
0.6 mmoVg loading calculated from perce~tage of nitrogen present, conftrmed by IH 
~ - 13 methacrylate umts for every 1 threonine derivative unit. 
179 
Polymer supported threoninol (60) 
(59) (4.5 g) was allowed to swell ID dlchloromethane (lOO ml) for 2 h. Tnfluoroacetic 
acid (20 ml) was added and the reacUon was allowed to stir at room temperature for 
20 h. The IDlXture was concentrated by half in vacuo, then the polymer was 
precipitated by diethyl ether (150 ml). The solvents were decanted off, and the 
residue washed with diethyl ether (50 ml). The residue was evaporated to dryness In 
vacuo to yield the trifluoroacetate salt of (60). 
The trifluoroacetate salt polymer was then allowed to swell m methanol (50 ml) for 3 
h. Triethylanune (2 ml) was added, and the mixture stirred at room temperature for a 
further 2 h. Dlethyl ether (100 ml) was added to precipitate the polymer, and the 
solvents were decanted off. The polymer was swollen in dichloromethane (50 ml), 
and precipitated WIth further diethyl ether (lOO ml). The resulting polymer was dried 
in vacuo at 60 DC for 3 days, leaving (60) as a white solid, 2.8 g (62 %). Umax/cm" 
(KBr) 3336, 2949,1727, [[49. 'H NMR (400 MHz, CDCh - gel. 55DC) cSH 0.85 (s, 
39H); 1.03 (s, 26H), 1.23-1.28 (m, 5H); 1.82 (s, 3H); 3 35 -4.36 (m, 4H); 3.60 (s, 
39H). Anal. ca\cd for {repeating urnt: (CsH,sN03)(CsHsN02)13) CnHI19N029: C, 
59.5; H, 8.1; N, 0 85. Found: C, 62.9; H, 8.8; N, 0.49. 
180 
MetbyJmethacrylate Polymer (61) 
Benzoyl peroxide (0 004 g) was added to methylmethacrylate (2.14 g. 21.3 mmol). 
The mixture was heated to 100 °c for 19 h until the reaction had completely 
solidified. The solid was suspended in dichloromethane. and precipitated by 
petroleum ether. Collection by fIltration followed by drying at 60°C In vacuo 
resulted in 2.g (93 %) white powder. u""",/cm·1 (KBr): 2952. 1733. 1148. IH NMR 
(250 MHz. CDCh - gel) OH. 0 88 (s. 3H); 1.02 (s. 1H). 1.89 (s. 1H); 3 60 (s. 3H). 
Anal. calcd for ClH8~: C. 60.0; H, 8.1; N. O. Found· C. 60.4; H, 8.5; N. o. 
181 
Supported serinol iminium salt (62) 
(53) (1 g. 0.6 =01) was allowed to swell in a co-solvent system of ethanol (30 ml) 
and dichloromethane (10 ml). 2-(2-bromoethyl) benzaldehyde (0.19 g. 09=01) 
was added to the reaction. and the InlXture was allowed to stir at room temperature for 
3 days. The polymer wa& removed by precipitation with diethyl ether. and dried 
unde(vacuum at 60°C. to give 0.90g (76%) wlute solid. [CLjd= + 3.0 (c 0 30. 
CH2Ch). umax/c.m·1 3426. 1728. 1654. 1150.749. IH NMR (250 MHz. CDCh) OH: 
0.85 (s. 42H); 1.29 - 1.32 (m. 2H); 1.46 (s. 3H). 1.82 - 2.06 (s. 32H); 3 60 (s. 42H); 
3.81-4.35 (m. 5H); 7 35-7.60 (m. 5H). Anal. calcd for {repeating umt 
(C16H200lNBr)(CsHs02)14) C8~ll20lINBr' C. 58 8; H. 7.6; N. 0.80. Found: C. 57.1. 
H.7 6; N. 0 75. 
Polymer not insoluble. 
182 
Supported threoninol iminium salt (63) 
(60) (1 g, 0.6 mmol) was allowed to swell in a co-solvent system of ethanol (30 ml) 
and dichloromethane (10 ml) for 3 h. 2-(2-bromoethyl) benzaldehyde (0.19 g, 0 9 
mmol) was dissolved in was added to the reaction, and the mixture was allowed to stir 
at room temperature for 19 h. The polymer was removed by precipitation With diethyl 
ether, and dried under vacuum at 60°C, to give 0 90g (76%) white solid. vmaxfem· l : 
3443, 1729, 1653, 1147,753. IH NMR (250 MHz, CDCiJ) IiH: 0.S5 (s, 42H); 1.29-
1.32 (m, 2H); 1.46 (s, 3H); I.S2 - 2.06 (s, 32H); 3.60 (s, 42H); 3 SI-4.35 (m, 5H); 
7.35-7.60 (m, 5H) Anal. calcd for {repeatmg unit (CI7H2203NBr){Cs~0z)IlJ 
CS2HI26029NBr: C, 5S.S, H, 7.6, N, 0.S4. Found. C, 57 6, H, S.O, N, 0.91. 
Polymer insoluble. 
IS3 
{-).(2S)-methyll-tritylaziridine-2-carboxylale (72) 
o [>(-OMe 
11 
A suspension of (47) (74 g, 476 mmol) in chlorofonn (6oo ml) was treated with 
triethylamine (1140 mmol, 115 5 g) and the solution cooled to O°C. TriphenyJmethyl 
chloride (476 mmol, 132.5 g) was added portion-wise to the reaction over 30 mm. 
The reaction was then maintained at 0 °c for 3 h. After wanning to room 
temperature, the mixture was washed successively with water (600 ml) and brine (400 
ml) and dried over magnesium sulfate. The solution was concentrated In vacuo to 300 
ml and used without further purification. 
The residue (172 g, 476 mmol) ID chloroform (300 ml) was then treated with 
tnethylamine (1140 mmol, 115 5 g) and 4-dunethylaminopyridme (lOmol%, 48 
mmol,5 83 g). Methanesulfonyl chloride (660 mmol, 75 8 g) was added drop wise 
over 90 min The reaction was then heated to reflux for a further 20 h After allowing 
to cool to room temperature the reactIOn was washed with water (600 ml) then brine 
(500 ml) and dned over sodIUm sulfate. The solvents were removed in vacuo and the 
residue recrystallized from ethanol (300 ml) to give 97 g (59%) pale beige crystals. 
mp 122 -126°C. [aJd= - 85.9 (c 0.40, CH2Ch). umax/cm·t 2950, 1748, 1447, 1199, 
707. IH NMR (400 MHz, CDCIl) IiH: 1.41 (dd, J = 1.6,6, IH); 1.89 (dd, J = 2.4, 6, 
IH); 2.25 (dd, J = 16,2.4, IH); 3.75 (s, 3H); 715·7.32 (9H, m, Ar); 7 50 (d, J = 8, 
6H). !lC NMR (lOO MHz, CDCI) lie: 28.7, 31.7, 52.1, 74.4, 126.9 (3),127 8 (3), 
128.0 (3), 1287 (3), 129.3 (3) 1436 (3), 171.9 mlz: 343.15649 (343.15723 
reqUITed), 105 (90%), 165 (95%), 244 (100%), 343 (>1 %). Anal. calcd for 
C21H2IN02: C,80.4; H, 6.2, N, 4 1. Found: C, 79.9; H, 6.3; N, 3.8. 
184 
(-)-(2S)-1-Tritylaziridin-2-yl(diphenyl)methanol (73) 
To a suspension of magnesium (786 mmol, 19.1 g) in diethyl ether (lOO ml) in a 3-
necked flask was added a solution of bromo benzene (786 mmol, 123.4 g) in diethyl 
ether (200 ml) over 90 min to maintain a steady reflux. The Grignard reagent was 
then cooled to 0 ·C. A solution of (72) (90 g, 262 mmol) in tetrahydrofuran (200 ml) 
was added over 30 min, the reaction was then allowed to warm to room temperature 
and stirred for a further 4 h. The reaction was cautIOusly quenched with saturated 
aqueous ammomum sulfate solution (200 ml) and water (1000 ml). The mixture was 
then extracted mto ethyl acetate (4 x 500 ml) and washed successively with water (5 x 
2000 ml) and brine (2 x 2000 ml). The product was filtered through cellite, dried over 
magnesium sulfate and evaporated to dryness. Recrystallisation from 
methanol/triethylamine afforded 109.9 g (89%) beige crystals. mp 131-134·C. [a.]d 
= - 66.2 (c 0 54, CH2Ch). 'Umax/cm-I : 3404,3057,1490,1447, 1024,734. IH NMR 
(400 MHz, CDCh) OH. 1.34 (d, J =6, lH); 2.08 (d, J = 3, IH), 2.37 (dd, J = 3,6, lH); 
4.43 (s, IH); 7.14-7.44 (m, 25H). 13C NMR (100 MHz, CDCh) Oe: 24.4,42.1,746, 
843,1265,126.8,127.1,127.2,127.3,127.4,127.8 (3),27.9 (3),128.0,128.3,1284 
(3),128.5 (3), 128 6 (3), 129.8, 1302, 144 3, 144 9,146.1, 147.5, 147.6. mlz 
467.22491 (467.22491 requIred), 165 (85%), 243 (100%), 467 «0.1 %). Anal. calcd 
for C34H29NO: C, 87.3; H, 6.3; N, 3.0. Found: C, 86.4; H, 6.2; N, 2.3. 
185 
-- - - - ---------------------
Aziridin-2-yl (diphenyl) methanol (74) 
A solution of (73) (16 g, 34 mmol) in a co-solvent system of dichloromethane (80 ml) 
and methanol (80 ml) was cooled to 0 ·C. Tnfluoroacetic aCId (60 ml) was added 
dropwlse over 2 h. The resulting mixture was concentrated in vacuo, and the residue 
suspended in saturated sodium carbonate (lOOml). Extraction into dlchloromethane 
(100 ml) was followed by drymg over sodium suIfate. Finally the reaction was 
evaporated to dryness to give a yellow solid. Tnturation in diethyl ether afforded 6 3 
g (82%) wIute crystals. mp 145 -147 ·C. [aJd= -16.34 (c 0.21, CH2Ch). u,"",/cm-1 
3287,3058,1670,1187,1144,697. IH NMR (400 MHz, CDChID6 - DMSO) /lH: 
2.14 (d, J = 6, lH); 2.32 (d, J = 4, CH2), 3.29 (del, J = 4,6, lH); 7 19-7045 (m, 10R). 
l3C NMR (100 MHz, CDChID6 - DMSO) /le: 22 6, 450,73.8, 124.9, 1257, 126.1, 
126.7,126.8,127.3,127.4,127.7,128.2,128.7,143.5, 147.4. mlz' 225.11557 
(22511536 required), 77 (50%), 105 (100%), 183 (60%); 225 (2.5%). Anal. calcd for 
ClsH1SNO: C, 80 0; H, 6.7; N, 6.2. Found: C, 79 8; H, 6.5; N, 6.1 
X-ray data for (74): C1sH1sNO, Mr = 225.28, monoclinic, space group nt. a = 
7.2981 (6), b = 10.1999 (9), c = 8.6263 (8), p= 107 650 (2)·, V = 611.91 (9), Z = 2, 
Dcalcd = 1 223 g cm-3, R = 0.0295 for 3726 observed reflections (r>2cr(r» and 235 
parameters. 
186 
(1-methylaziridin-2-yI)(diphenyI)methanoI (75) 
(74) (0 5 g, 2.2 mmol) and potassium carbonate (0.76 g, 5 5 mmol) were suspended in 
tetrahydrofuran (20 ml). Iodomethane (2.3 mmol, 0.33 g) was added dropwise, and 
the nuxture stirred at room temperature for 20 h The reaction was quenched with 
water (10 ml), extracted into dichloromethane (20 ml) and dried over magnesium 
sulfate. The solul1on was concentrated in vacuo and punfied by column 
chromatography (silica, eluent· 4:1 petroleum ether. ethyl acetate) to give 0.15 g 
(30%) white crystals. mp 88 - 90°C. [ald= - III 8 (c 0 26, CH2Ch). umax!cm· l : 
3423,3059,1448,699. IH NMR (400 MHz, CDCI3) OH: 1.30 (d, J = 6, lH), 1.94 (d, 
J = 4, IH); 2.65 (dd, J = 4,6, IH); 2.41 (s, 3H); 7 23-7.43 (m, 1OH). I3C NMR (100 
MHz, CDCh) lie: 31 5,46.3,47.3,74.3, 126.3 (2) 2666 (2), 127.0 (2), 1280 (2), 
128.2 (2), 145.0,147.9. mlz. 239.13101 (239.13101 required), 77 (70%); 105 
(100%); 183 (60%); 239 (15%). Anal. calcd forCI6H17NO: C, 80 3, H, 6.7; N, 6 2. 
Found: C, 80 1; H, 7 2, N, 5.8. 
187 
1-(9H-!1uoren-9-yl) aziridin-2-yl (diphenyl)methanol (76) 
Potassium carbonate (1.2 g, 8.8 mmol) was added to a solution of (74) (0.5 g, 2.2 
mmol) in toluene (20 m1). 9-Bromofluorene (0.81 g, 3.3 mmol) was added and the 
reaction was stirred at room temperature for 2 days, then heated to reflux for a further 
4 days. The reaction was quenched with water (10 m1), extracted into 
dichloromethane (50 ml) and dried over magnesium sulfate. The solution was 
evaporated to dryness and punfied by chromatography (silica; eluent: 9'1 petroleum 
ether: ethyl acetate), to give 0.2 g (23%) yellow crystals. mp 150 -153°C. [aJd=-
61.8 (c 0.23, CH2CIz). umax/cm·1: 3396, 1449, 1184,908,741,700. lH NMR (400 
MHz, CDCh) OH' 2.14-2.17 (2H, m, CH2); 2.98 (dd, J = 6,10, IH); 3.89 (s, IH); 4.15 
(s, IH); 6.42 (d, J = 12, IH); 6.85 (t, J = 12,24, lH), 7.24-7 70 (m, 16H) llC NMR 
(100 MHz, CDCIl) oc' 28 90, 45 0, 69.8; 75 3, 119.9; 1203; 125.2; 125.3 (2); 1264 
(2); 126.9; 127.1, 127.5, 127.6, 127.7; 128.5 (2); 1286; 128.7 (2),129.1; 140.9; 
141.0,143.1; 143.7, 146.3; 148.2. mlz: 389.17846 (389.17796 required), 105 (49%), 
165 (100%), 389 (2%). Anal. calcd for C2sH2lNO: C, 86.4; H, 6.0, N, 3.6 Found: C, 
869; H, 5.7; N, 3 4. 
X-ray data for (76): C2sH2lNO, M, = 389 47, monoclinic, space group C2, a = 
25.1727 (18), b = 7.5583 (6), c = 11 0247 (8), p= 93.739 (2)°, V = 2093.1 (3), Z = 4, 
Dcalcd = 1.236 g cm-l, R = 0.0339 for 4603 observed reflections (r>2cr(r» and 235 
parameters. 
188 
[l-(diphenylmethyl) aziridin-2-yl] (diphenyl)methanol (77) 
Potassium carbonate (0.59g, 5 6mmol) was added to a solution of (74) (0.5g, 
2.2mmol) in toluene (15 ml). Benzhydryl chlonde (0.68g, 3 3mmol) was added and 
the reaction heated to reflux for 9 days. The reaction was quenched with water (20 
ml) and extracted into dlchloromethane (50 ml). The resulting solution was dried 
over sodium sulfate and evaporated to dryness. The white solid was then 
recrystallized from dlchloromethanelhexanes to give 0.38g (44%) white crystals mp 
192 - 194°C. [ald = - 39 8 (c 0 32, DCM) umax/cm-1 3422, 1448, 692. lH NMR 
(250 MHz, CDCIl)~: 1.62 (d, J = 6 3, IH); 2.16 (d, J = 3.7, IH), 2.78 (d, J = 4,6, 
1H); 3 89 (s, 1H); 3.96 (s, 1H); 6.99-7.42 (m, 20H) llC NMR (100 MHz, CDCh) ac' 
31.4,46.9,74.2,77.4,1264(2),126.5 (2), 126.7 (2) 127.3 (2), 127.4 (2),127.7 (2), 
128.0 (2), 128.4 (2),128.7 (2), 128.8 (2), 142.9, 143.2, 145 6, 147.1. m/z: 392.20138 
M + H (392.20143 M + H required), 136 (59%), 154 (100%); 392 (16%) Anal. 
calcd for C2sH2SNO: C, 85.9, H, 6.4; N, 3.6. Found: C, 84.4; H, 6.3, N, 3.6. 
, X-ray data for (77): C2SH2SNO, Mr = 391.49, monoclinic, space group nlo a = 
55982 (9), b = 21.474 (3), c = 8.7813 (13), (3= 106.221 (2t, V = 1049.8 (3), Z = 2, 
D"lcd = 1.238 g cm-3, R = 0 0490 for 3726 observed reflections (r>2cr(r» and 235 
parameters 
189 
DiphenyI[1-(phenyImethyI)aziridin-2-yI]methanoI (78) 
PotassIUm carbonate (0.76 g. 5.5 mmol) was added to a solution of (74) (0 5 g. 2.2 
mmol) in tetrahydrofuran (20 mI). Benzyl bromide (0.38 g. 2.2 mmol) was added 
dropwise and the resuItmg mixture was stIrred for 20 h at room temperature. Water 
(10 mI) was introduced into the reaction. followed by extraction into dlchloromethane 
(20 mI). The mixture was then washed successively with 1 M hydrochloric acid (10 
mI) and water (200 ml) and dried over magnesium suIfate. Evaporation to dryness 
produced 0 39 g (56 %) white powder. mp 88 - 92·C [a]d = - 35.43 (c 0 46. 
CH2Ch). 1J""",fcm·l . 3423. 1448.697. IH NMR (400 MHz. CDCb) OH: 1.55 (d. J = 
6. lH). 2 05 (d. J = 4. lH); 2.55-2.59 (dd. J = 4.6. IH); 3.6 (dd. J = 13.78. 2H). 
7.15-7.42 (15H. m. AI). l3c NMR (100 MHz. CDCIl) oe: 30.5. 46 3. 62.8. 74.1. 
126.3.1264. 126.8. 127.0.127.2. 127.3. 127.8. 127.9. 128.0. 128.1. 1282. 128.3. 
128.4.128.5.138.0. 144.9. 146.9. 147.4. mlz: 315.16231 (315.16231 required). 77 
(29%); 91 (100%); 105 (49%); 183 (34%); 260 (16%). Anal. caIed for C22H21NO: C. 
82.8; H. 6 7; N. 4.4. Found: C. 82.1. 6 4; N. 3.6. 
190 
2-[(methyloxy)(diphenyl)methyll-l- (triphenylmethyl)aziridine (79) 
A mixture of (73) (l g, 2.2 mmol) and sodium hydride (60% dispersion in mmeral ot!, 
0.13 g, 5 4 mmol) were dissolved in dimethyl fomamide (10 ml), and left to stir at 
room temperature for 5 mm. IodQmethane (0 46 g 3 4 mmol) was added and the 
reaction stirred for a further 4 days. The reaction was then quenched with water (20 
ml)' extracted into ethyl acetate (60 ml) and washed succeSSIvely with water (3 x 200 
ml) and brine (3 x 100 ml). The solution was dried over magnesium sulfate and 
evaporated to dryness. The product was punfied by chromatography (sllica, eluent 
9:1 petroleum ether: ethyl acetate) to give 0.90 g (88%) white crystals. mp 125 -128 
°C. [aJd= -142 2 (c 0.37, CH2CI2). llmax/cm- I : 3056,1490,1446,1075,737,704. IH 
NMR (250 MHz, CDCll) OH: 1.25 (d, J = 6, lH); 1.43 (d, J = 3, IH); 2.12 (dd, J = 3, 
6, lH); 2.99 (s, 3H), 7.16-7.49 (m, 25H). llC NMR (100 MHz, CDCll) oc: 25.2, 38.2, 
52.0,75.2,842, 1270 (2), 127.4 (3), 127.5 (2), 127.7 (2), 128.3 (3), 1287 (3), 1289 
(3),129.2 (2),130.1 (3), 130.4 (2),1435 (2),143.7 (2), 144.8. Anal. calcd for (one 
third mole DMF per mole (79) (Cl5HlINO))(ClH7NO)) ClOsHlOoN.O.: C, 85.5; H, 
6.6; N, 3.5. Found: C, 85.7; H, 6.2, N, 2.7. 
X-ray data for (79): Cl6Hll.3lNlllOlll, M, = 51.97, rhombohedral, space group R3, 
a = 27.263 (2), b = 27.263 (2), c = 9.4764 (10), r= 120°, V = 6099.7 (9), Z = 9, Dcal,d 
= 1 230 g cm-l, R = 0 0694 for 3726 observed reflections (~2cr(p'2» and 235 
parameters 
191 
2 -[(methyloxy)(diphenyl)methyl] aziridine (80) 
A solution of (79) (0.5 g, 1.0 mmol)-in co-solvent system of dichloromethane (5 mJ) 
and methanol (5 mJ) was cooled to 0 °c for the addition of trifluoroacetic aCid (2 ml). 
The reaction was allowed to warm to room temperature and stirred for a further 30 
min. The reaction was concentrated in vacuo The residue was suspended in 
dichloromethane (10 mJ) and poured into saturated aqueous sodIUm hydrogen 
carbonate (100 mJ). The organic layer was dried over magnesIUm sulfate and 
evaporated to dryness in vacuo. Purification by chromatography (silica, eluent 3.1 
petroleum ether: ethyl acetate) to give 0 19 g (75%) (80) as an orange oil. [a]d=-
36.8 (c 010, CH2Ch). umax/cm-I: 3291, 1490, 1446, 1075,702. IH NMR (400 MHz, 
CDCh) liH' 1.47 (d, J = 4, 1H); 1.64 (d, J = 6, 1H); 2.66 (dd, J = 4,6, 1H); 3.18 (s, 
3H); 7.27 -7.45 (m, 10H) 13C NMR (100 MHz, CDCh) lie: 22.4, 36 6, 51.5, 82.6, 
127.4,127.5,1276, 127.7, 127.7, 127.8, 127.9, 1280, 1284,1286, 141.5, 141.7. 
mlz 239.13123 found (239.13101 required), 105 (69%),197 (96%), 206 (100%), 239 
« 1%). CI6H17NO. 
192 
Nl-[I-(chIoromethyl)-2-hydroxY-2,2-diphenylethyl-2-methyl propanamide (81) 
Cl OK 
NB 
A solution of (73) (0.5 g, 1.1 mmol) in dlchloromethane (15 roI) was cooled to 0 0C, 
Tnethylamme (0.13 g, 1.3 mmol) was added, followed immediately by isobutyryl 
chlonde (0.17 g, 1.6 mmol). The resulting red solutIOn was allowed to warm to room 
temperature and stirred for 20 h. The reaction was quenched with saturated aqueous 
sodium hydrogen carbonate (20 roI) and extracted into dichloromethane (50 roI) 
Drying over sodium sulfate, then evaporation to dryness yield a white solid which was 
punfied by chromatography (silica, eluent. 5:1 hexanes: ethyl acetate) to give 0 29 g 
(82%) (81) as white crystals mp 185 -187°C. [ajd = - 28.8 (c 0.14, CH2C12). 
umax/cm·1; 3333, 1642, 1544, 1447,699. lH NMR (400 MHz. CDCI) <lH: 0 95 (dd, J 
= 7, 10, 6H); 2.23 - 2.28 (m, lH), 3 76 - 3 83 (m, 2H); 4 79 (s, 1H); 4.94 - 4.99 (m, 
1H); 6.13 (d, J = 8, lH); 7.16 -752 (m, lOH). 13C NMR (100 MHz, CDCh) <le: 
19.7,19.8,36.2,452,58.2,81.2, 125.6 (2),1258 (2), 1276,127.9, 128.8 (2),1292 
(2),144 6,1453,178.5. rnIz: 332.14100 (332.14173 required), 105 (32%),136 
(68%), 154 (100%), 208 (37%), 332 (6%). Anal. calcd for CI9H23CINO: C, 67.8; H, 
67, N,4.2. Found: C, 67.4; H, 6.5; N, 4 O. 
X-ray data for (81): Cl9H23C1N02, Mr = 33183, orthorhombic, space group P2j2j2j, 
a = 5 5609 (4), b = 16.8386 (12), c = 17.9152 (13), p= 90 0, V = 1677.5 (2), Z = 4, 
Dcalcd = 1.314 g cm·3, R = 0 0322 for 6993 observed reflections (r>2cr(F2» and 235 
parameters. 
193 
Nl-[1-(chloromethyl)-2-hydroxy-2,2-diphenylethyl]-Nl-(2-methylpopanoyl)-2-
methylpropanamide (82) 
Cl 
o~ 
X 
A solution of (74) (0.5 g,2 mmol) in dichloromethane (20 ml) was treated with 
tnethylamine (0.27 g, 27 mmol) Isobutyryl chlonde (0.5 g, 4.9 mmol) was added, 
and the reaction was observed to turn red slowly. The reaction was left to stir at room 
temperature for 19 h. Quenching with aqueous saturated sodium hydrogen carbonate 
(50 ml) was followed by extraction into dichloromethane (50 ml). The resultmg 
solutIOn was dried over sodium sulfate and evaporated to dryness in vacuo 
Purification by chromatography (silica, eluent 8.1 petroleum ether ethyl acetate) 
gives (82) as a white solid 0 08 g (19%) mp 189 -191 QC. [ald = + 1054 (c 0 52, 
CH2Ch). umax/cm· l: 3487, 1679, 1447, 1143,698. IH NMR (400 MHz, CDCh)~' 
0.99 (d, J = 6, 6H); 1.11 (d, J = 6, 6H); 2 90 (s, 1H), 3 09 - 3.14 (m, 2H); 4.05 (dd, J 
= 7,14, 1H); 4.28 (dd, J = 7, 14, lH); 5.18 (t, J = 7, 14, 1H); 7.24 -730 (m, 8H); 
7.87 (d, J = 8, 2H). llC NMR (100 MHz, CDCh) lie: 196 (2), 19.9 (2), 34.9 (2), 
48.6,526,824,127.6,128.3 (2), 128.3, 128.9, 129.1, 1293,129.7,1336 (2),1365, 
136.8,182.4 (2). m/z 209 (58%), 243 (27%), 296 (100%), 298 (32%),401 « 1 %). 
C23H2sClN03. 
194 
[l-(Z-methylpropanoyl)aziridin-Z-ylj (diphenyl)methyIZ-methyl propanoate. (83) 
o~ NO\-
D""... '0 
A solution of (74) (0 5 g, Z.2 mmol) in dichloromethane (20 ml) was treated with 
triethylamine (0.27 g, 2.7-mmol) Isobutyryl chloride (0.5 g, 4.9 mmol) was added, 
and the reaction was left to stir at room temperature fod9h. The reaction was 
quenched with aqueous saturated sodIUm hydrogen carbonate (50 ml) and extracted 
into d!chIoromethane (50 ml). The resulting solution was dried over sodIUm sulfate 
and evaporated to dryness in vacuo. Punfication by chromatography (silica, eluent 
8:1 pet ether. ethyl acetate) gives (83) as an orange oil 0.3 g (42%). [etld = - 49.3 (c 
1.05, CHzCh). umax/cm-1; 2972, 1739, 1998, 1388, 1188, 1148. lH NMR (400 MHz, 
CDCI,) OH: 1.07 (d, J = 7, 3H), 1.16 (d, J = 7, 3H), 123 (dd, J = 3, 7, 6H); 1.66 (d, J 
= 3, IH); 2.35 (d, J = 6, lH); 2.49-2.54 (m, IH); 2 67-2.74 (m, IH); 4 17 (dd, J = 3, 6, 
IH), 7.19-7.38 (m, lOH). \3C NMR (100 MHz, CDCI3) oe. 21.0, 21.2, 21.6, 21.7, 
29.6,37.2,378,408,88.0, 128.9 (2), 129.6 (2),1298 (2), 129.9 (2), 1300 (2),142.6, 
143.4,177 4,191.5. mlz 365.19824 (365.19909 reqUITed), 43 (100%), 71 (59%), 105 
(47%),183 (37%), 196 (31 %),365 «1 %). CnHnN03. 
195 
1- Phenyl propanol (racemic) (84) 
Benzaldehyde (0 21 g. 2 =01) was added to a solution of 77 (5 0001%. 0.1 mmol. 39 
oog - racemic) In toluene (8 ml). The solution was cooled to 0 cC. for the addition of 
diethylzinc (1 I M solution in toluene. 4 =01. 3 6 ml). The reacUon was allowed to 
warm to room temperature and strrred for 24 h. The reaction was quenched with 
saturated aqueous ammonium chlonde. and extracted into dlethyl ether. The solution 
was dned over sodium sulfate and concentrated in vacuo. Punficauon by 
chromatography (silica. eluent· 4'1 hexanes ethyl acetate) Yielded 0.25 g (92%) 
colourless oil. umax/cm'l: 3374. 1492. 1453. 1013. 974. 699. IH NMR (400 MHz. 
CDCll) OH: 0.89 (t. J = 8. 15. 3H); 1.69 - 1.84 (m. 2H); 2.11 (s. IH). 4.55 (t. J = 7. 13. 
IH); 7.23 -7.32 (m. 5H). IlC NMi (lOO MHz. CDCh) oc: 10.5. 32.3. 74 5. 126.4. 
126.7.127.9.1288. 128.9. 145 O. m/z 136.0893 (13608881 reqUired). 77 (30%).79 
(60%).107 (100%). 136 (14%). CgH120. 
GC: Chrompak Chirasu CB. 10 psi. 140°C. RT 9.8. 10.1. 
HPLC: Chiracel OD: 98'2 Hexane: Isopropyl alcohol. 1 0 ml min-I. RT: 225.26.04 
196 
1-(4-methoxyphenyl) propanol (racemic) (8S) 
MeO ~ 
p-Anisaldehyde (0.27 g. 2 mmol) was added to a solution of 77 (5 mol%. 0.1 mmol. 
39 mg - racemic) in toluene (8 ml) The solution was cooled to 0 cC. for the addition 
of diethylzinc (1.1 M solution in toluene. 4 mmol. 3.6 ml). The reaction was allowed 
to warm to room temperature and stirred for 24 h. The reaction was quenched with 
saturated aqueous ammonium chloride. and extracted into dlethyl ether. The solution 
was dried over sodium sulfate and concentrated In vacuo. Purification by 
chromatography (silica. eluent: 4:1 hexanes: ethyl acetate) yielded 0.29 g (87%) 
colourless oil. uma.Jcm'l. 3396. 2962.1611.1513.1247.1175.1037.830. IHNMR 
(400 MHz. CDCh) OH: 0.88 (d. J = 7.15, 3H); 1.66 - 1.74 (m. IH); 1.79 -1.84 (m. 
IH); 3.79 (s, 3H); 4 51 (t. J = 6.13, IH). 6 85 - 6 88 (m. 2H). 7.23 -7.25 (m. 2H). 
!lC NMR (100 MHz. CDCh) oc' 10 6. 32.2. 55 6. 76 O. 1137.114.2.127.6.128.3. 
137.2.1594. mlz 166.09932 (166.09938 required). 77 (15%). 94 (12%),109 (20%). 
137 (100%). 166 (12%). ClOHl402 
GC. Chrompak Chirasll CB. 10 psi. 160°C. RT: 12.3. 12.7. 
HPLC' Chiracel OD' 99:1 Hexane: isopropyl alcohol 1.5 mlmm'l. RT. 29.1. 35.6. 
197 
1- (4-l1uorophenyl) propanol (racemic) (86) 
F ~ 
p-F!uorobenzaldehyde (0.25 g, 2 mmol) was added to a solution of 77 (5 mol%, 0.1 
mmol, 39 mg - racemic) in toluene (8 ml) The solution was cooled to 0 °c, for the 
additIOn of diethylzinc (1 1 M solution in toluene, 4 mmol, 3 6 ml). The reaction was 
allowed to warm to room temperature and stirred for 24 h. The reaction was 
quenched with saturated aqueous ammonium chloride, and extracted into diethyl 
ether. The solution was dried over sodium sulfate and concentrated in vacuo. 
Purification by chromatography (silica, eluent: 4:1 hexanes: ethyl acetate) yielded 
0.23 g (75%) colourless oil. u,""",cm-I: 3374,2966, 1604,1508,1222,1156,834. IH 
NMR (400 MHz, CDCb) OH: 0.87 (t, J = 7,15, 3H); 1.65 -1.81 (m, 2H), 2.53 (s, 
IH), 4.54 (t, J = 6,13, IH); 6.99 -704 (m, 2H); 7.25 -7.31 (m,2H) I3C NMR (100 
MHz, CDCI1) oc: 10 4, 32.32, 75.71, 115.3, 1159,127.9, 128.0, 140.7, 1637. mJz 
154.07963 (154.07939 required), 77 (18%),97 (53%), 125 (100%), 166 (4%). 
C9HuFO. 
GC. Chrompak Chirasil CB, 10 pSI, 150°C, RT: 7.5, 7.9. 
198 
MethyI2-[(diphenylmethyl)aminoj-3-hydroxypropanoate (87) 
MJ loo_OM. 
~ I OH 
"'" 
A solution of (47) (5 g. 32 mmol) ID chlorofonn (50 m1) was cooled to 0 cC. 
Triethylamme (7.7 g. 77 mmol) was added. followed by the dropwise addition of 
benzhydryl chloride (4.4 g. 22 mrnol) over 10 nunutes. The reaction was wanned to 
reflux for 20 hours. The llliXture was allowed to cool to room temperature. quenched 
with saturated aqueous ammonium chloride solution (20 m1) and extracted IDto 
dichloromethane (50 ml). The solution was dried over magnesium sulfate and 
evaporated to dryness in vacuo The residue was punfied by chromatography (sihca. 
eluent 8'1 petroleum ether: ethyl acetate) to yield 308 g. (49%) yellow oil. [ajd=-
31.1 (c 0 28. CH2Ch). 'Ilmax/cm-( 3446. 1740.1452. 1204. 1056.752. IH NMR (400 
MHz. CDCi) IiH: 3.40 - 3.43 (m, IH); 3 64 - 368 (m. 2H). 3.74 (s. 3H). 4 92 (s. IH); 
7.22 -7.40 (m. 10H). I3C NMR (100 MHz. CDCi) lie' 52.2.60.4.63.1.65.3. 127.3 
(2).127.4 (2). 127 6 (2).1286 (2).128.7 (2).142.3.143.5. 173.7. mlz 284.12806 M 
- H (284.12867 reqUIred M - H). 77 (50%). 105 (70%). 167 (100%). 182 (90%). 284 
« 1%) C17HI9N03 
199 
MethyI2-[(dipbenyJmetbyl)amino]-3-bydroxypropanoate (87) 
A solution of (47) (5 g, 32 mmol) in chlorofonn (50 mJ) was cooled to 0 QC. 
Triethylamine (7.7 g, 77 mmol) was added, followed by the dropWlse addiuon of 
benzhydryl chloride (4.4 g, 22 mmol) over 10 IDlnutes The reactIOn was wanned to 
reflux for 20 hours. The mixture was allowed to cool to room temperature, quenched 
with saturated aqueous ammonium chlonde solution (20 mJ) and extracted into 
dichloromethane (50 ml). The solution was dried over magnesium sulfate and 
evaporated to dryness in vacuo. The residue was purified by chromatography (slhca, 
eluent 8 1 petroleum ether: ethyl acetate) to yield 3 08 g, (49%) yellow oil. [a]d =-
31 1 (c 0.28, CHzCh) 1lmax/cm·1: 3446, 1740,1452, 1204, 1056,752. lH NMR (400 
MHz, CDCh) I5H: 3.40 - 3.43 (m, IH); 3.64 - 3.68 (m, 2H), 3.74 (s, 3H); 4.92 (5, IH); 
7.22 -7.40 (m, 10H). l3C NMR (100 MHz, CDCh) I5c: 52.2, 60.4, 63.1, 65.3, 127.3 
(2),1274 (2), 127 6 (2),1286 (2),128.7 (2), 142.3, 143.5, 173.7. mlz 28412806 M 
-H (284.12867 required M - H), 77 (50%),105 (70%),167 (100%), 182 (90%), 284 
« 1%). C17HI9N03. 
199 
MethyI3-chloro-2-[(diphenylmethyl)amino]propanoate (88) 
o 
~'C0Me 
I Cl 
A solution of (87) (0.6 g, 2.1 mmol) and 4-dimethylamino pyridine (10 mol%, 26 mg, 
0.21 mmol) in chloroform (15 ml) was treated with triethylamine (051 g,5 mmol), 
and the solution cooled to OoC. Methane sulfonyl chloride (0 35 g, 3 mmol) was 
added dropwlse, and the reaction was allowed to warm to room temperature, then 
refluxed for 16 h. The reaction was allowed to return to room temperature, and 
quenched with water (20 ml) The product was extracted into dichloromethane (50 
ml), washed with saturated brine (50 ml) and dried over magnesium sulfate. 
Evaporation to dryness gave a brown reSIdue whIch was purified by chromatography 
(silica, eluent 5'1 hexanes: diethyl ether) to yield 0 3 g (56%) colourless oil. [a]d=-
35.7 (c 0.28, CH2Ch). umax/cm·1 3333, 1741, 1199, 1174,745,704. IH NMR (400 
MHz, CDC!) OH' 3.57 (t, J = 4,8, IH), 3.73 (s, 3H); 3.76 - 3.83 (rn, 2H); 4.94 (s, 
1H); 7.19 - 7 45 (rn, IOH). 13C NMR (IOO MHz, CDCI3) oc' 46.8, 52.7, 59.8, 65.5, 
127.7 (2), 127.8 (2),127.9 (2), 1280 (2),129.1 (2),1429,143.9,172.7. mlz 
30209421 M -H (302.09478 M -H required), 167 (100%), 182 (34%), 302 (3%). 
C17H ISNCIOz. 
200 
Methyl l-(diphenylmethyl)aziridine 2-carboxylate (89) 
(')~ 
~NOM. 
¥o 
H 
A solution of (87) (3.0 g, 10.5 mmol) and 4-dunethylamino pyridine (10 mol%, 0.12 
g, 1.1 mmol) in chloroform (200 ml) was treated with triethylamine (2.54 g, 25.2 
mmol) and the solution cooled to 0 °c A solution of methane sulfonic anhydride (2 4 
g, 15 mmol) m chloroform (20 ml) was added over 30 min. The reaction was 
maintained at 0 °c for 1 h, then allowed to warm to room temperature and heated to 
reflux for 24 h. The reaction was allowed to cool to room temperature, quenched with 
water (50 ml) and extracted into dlchloromethane (100 ml). The resulting solution 
was dried over magnesium sulfate and evaporated to dryness in vacuo The resulting 
oil was purified by chromatography (silica, eluent" 3 1 petroleum ether: ethyl acetate 
with 1 % triethylamine) to give 2.04 g (73%) pale yellow crystals. mp 84 - 87°C .. 
[ajd= -93.3 (c 0.45, CH2C\z). umax/cm·1: 1744, 1452, 1439, 1199. lH NMR (400 
MHz, CDCI3) BH' 1.82 (d, J = 6, lH); 2.26 (dd, J = 3, 6, IH) 2.30 (d, J = 3, IH); 3 60 
(s, IH), 3.69 (s, 3H); 7.18 -7.42 (m, 10H). llC NMR (100 MHz, CDCh) Bc: 34.9, 
38 1,52.1,77.9, 126.6, 127 I, 127.3,127.4, 127.5, 127.6, 128.2, 128.4, 1285,1286, 
142.4 (2),171.0. mlz 266.11832 M- H (266.11810 M -H required), 105 (23%),165 
(35%), 167 (100%), 266 (12%), 267 (3%). Anal. calcd for CI7HI1N~: C, 76.4; H, 
6.4; N, 5.3. Found: C, 77.7; H, 64; 5.1. 
201 
(4-Brornophenyl)rnethyl tetrahydro-2H-pyran-2-yl ether (91) 
A solution of 4-bromobenzyl alcohol (2.5 g, 13.4 mmol) in dichloromethane (100 mJ) 
was treated with para-toluene suIfonic acid (50 mg, 0.5 mol%). 3,4 - DIhydro -2H-
pyran (2 25 g, 26.7 mmol) was added dropwise over 5 min. The solution was stirred 
at room temperature for 2 h. The reactIOn was quenched With 5 % aqueous sodium 
hydrogen carbonate solution (100 mJ), extracted into dlchloromethane (200 ml) and 
dried over magnesium sulfate. The solution was evaporated to dryness. Distillation 
under reduced pressure via a KugeJrohr apparatus (3 5 mbar, 120 QC), followed by 
chromatography (silica, eluent: 5:1 petroleum ether: ethyl acetate with 1 % 
triethylamine) yielded 2.5 g (69%) of colourless oil. umax/cm·l: 2941, 1487, 1385, 
1349, 1200, 1123, 1069, 1034, 1010, 800. IH NMR (400 MHz, CDCll) OH' 1.52-
1.87 (m, 6H); 3 52 - 3 55 (rn, IH); 3.86 - 3.90 (m, IH); 4.45 (d, J = 12, IH), 4 68 (t, 
J = 4,7, IH); 4.72 (d, J = 12, IH); 7.23 (d, J = 8, 2H); 7.45 (d, J = 8, 2H). IlC NMR 
(100 MHz, COCIl) OC. 19.3,25.4,30.5,622,680,97.8, 121.3, 129.4 (2),131.4 (2), 
137.4. mlz 270 02598 (270.02554 requued), 85 (58%),169 (98%),171 (100%),270 
(<1 %). C12HISBr02. 
202 
{[(4 - bromophenyl)methyl]oxy} (1, 1-dimethylethyl) dimethyl siIane (92) 
A mixture of 4 - bromobenzyl alcohol (1 g, 5.3 mmol) and 4 - dtmethylamino 
pyndine (5 mol%, 40 mg, 0 3 =01) was dissolved in dichloromethane (10 ml). 
Triethylamine (0.64 g, 636 mmol) was added dropwlse to give a clear colourless 
solution. Chloro t-butyldimethyl sHane (0.9 g, 5.9 mmol) in dichloromethane (5 ml) 
was added. The reaction was then stirred overnight at room temperature. A thIck 
white precipitate slowly developed. The reaction was quenched with saturated 
aqueous a=onium chloride solution (10 ml), and extracted into dichloromethane (50 
ml). The colourless solution was dried over magnesIUm sulfate and concentrated in 
vacuo The residue was purified by column chromatography (silica, eluent· 4: 1 
petroleum ether: ethyl acetate) to give 1.45 g (90%) product. 1)mw/cm·1: 2954,2929, 
2856, 1486, 1256, 1114, 1011,838,777. IH NMR (400 MHz, CDCh) OH' 0 13 (s, 
6H); 0 97 (s, 9H), 4.69 (s, 2H); 7.22 (d, J = 8, 2H); 7.48 (d, J = 8, 2H) llC NMR 
(100 MHz, CDCh) oc: -5.3 (2), 18 3,259 (3), 643, 1206, 127.7 (2), 131.2 (2), 140.4. 
mJz 300.05506 (300.05450 required), 49 (54%), 75 (97%), 169 (58%), 171 (55%), 
243 (98%), 245 (100%), 300 (3%). CIlH21Br02 
203 
(3-Bromophenyl)methyl tetrahydro-2H-pyran-2-yl ether (93) 
(tvBr o I 
,,:; 
A solution of 3-Bromobenzyl alcohol (1 g.5 3 mmol) in dichloromethane (50 ml) was 
treated with p-toluene sulfomc acid (5 mg. 1 mol%). 3. 4-Dihydro - 2H- pyran (10.6 
mmol. 0.89 g. 1 ml) was added over 5 min. The reaction was left to stir at room 
temperature for 2 h. The mixture was quenched with aqueous 5% aqueous sodium 
hydrogen carbonate solution (20 ml) and extracted into dichloromethane (50 ml) The 
solution was dried over magnesium sulfate. and the product evaporated to dryness. 
Punfication was carned out by chromatography (silica. eluent: 4: 1 petroleum ether: 
ethyl acetate with 1 % tnethylamine) to yield 1.2 g (83%) pale yellow oil u""",!cm· l . 
2940.1571. 1200. 1122.1069. 1034.776. IH NMR (400 MHz. CDCh) liH: 1.51-
1.87 (m. 6m; 3.52 - 3.55 (m, Im; 3 85 - 3.89 (m, Im; 4 45 (d. J = 12. Im; 4.69 (I, J 
= 4. 7. Im; 4.74 (d. J = 12. Im; 7.18 (t. J = 8. 16. Im; 7.26 (d. J = 8. Im; 7.38 (d. J 
= 8. Im; 7.51 (s. Im. IlC NMR (100 MHz. CDCh) lie: 19.7.25.4.30.5.621.67.9. 
97.8. 122 5. 126.2. 129.8. 130.3. 1306. 140.8. mlz 270.02534 (270 02554 required). 
85 (89%). 169 (100%). 171 (97%).270 (4%). 272 (4%). CI2H1SBr02. 
204 
{[(3-bromophenyl)methyl]oxy} (1, 1- dimethylethyl)dimethyl silane (94) 
\;S(vBr 
-"\ 0 I ~ 
h-
3-Bromohenzyl alcohol (1 g. 5.3 =01) and 4-dimethylaminopyndine (5 mol%. 0.04 
g. 0.3 mmol) were dissolved in dichloromethane (10 mI). Triethylamine (0 64 g. 6.4 
mmol) was added. followed by chloro lbutyldimethyl silane (0 9 g. 5.9 mmol). The 
reaction was stirred at room temperature for 19 h. The mixture was quenched with 
saturated aqueous ammonium chlonde solution (20 mt). extracted into 
dlchloromethane (50 mI). dried over magnesium sulfate and evaporated to dryness. 
The product was punfied by column chromatography (sl!tca. eluent: 4.1 petroleum 
ether: ethyl acetate) to yield 1.3 g (80%) colourless oil. umax/cm-I: 2925. 1509. 1486. 
1482.1255. 1115. 1087. 1069. 1011.838.778. IH NMR (400 MHz. CDCI3) liH' 0.26 
(s. 6H); 1.11 (s. 9H); 4 82 (s. 2H); 7 27 (t. J = 8.15. IH); 7.35 (d. J = 7. IH); 7.46 (d. 
J = 7. lH); 7.61 (s. IH). I3c NMR (100 MHz. CDCh) lie: -5.4 (2). 18 2 (3).25 9. 
64 O. 122 3. 124.3. 128 9. 129.6. 1298. 143.7. mlz 299.04720 M - H (299.04668 M-
Hrequired).171 (56%).215 (49%). 243 (99%). 245 (100%). 299 (21%). 300 (5%). 
301 (23%). CI3H2IBrOSi. 
205 
4- [dimethyl acetyl] bromobenzene (95) 
Br 
para-Toluene sulfonic acid (30 mol%, 8.1 mmol, 0.14 g) was added to a solution of 4-
bromobenzaldehyde (5 g, 27 mmol) in methanol (50 ml). Trimethylorthoformate 
(429 g, 41 mmol) was added portlonwise and the solution stirred at room temperature 
for 3 days. The reaction was quenched with 0.5 M sodium methoxide in methanol (2 
mI). The solution was concentrated and purified by column chromatography (silica, 
eluent: 2: 1 petroleum ether: ethyl acetate) to yield 6.9 g (-100%) (95) as a colourless 
ot!. 'llmax!cm-I 2936, 2828, 1592, 1100, 1056. IH NMR (400 MHz, CDCi) OH: 3.29 
(s, 3H); 5.35 (s, IH); 7.32 (d, J = 8, 2H), 7.47 (d, J = 8, 2H) BC NMR (100 MHz, 
CDCi) oe. 52.9,102.6,122.8,1289 (2), 1317 (2). mlz 229.99461 (299 99424 
required) : 75 (47%), 76 (42%),183 (100%), 185 (97%), 199 (91 %),201 (84%),229 
(36%),230 (6%). C9Hu02Br. 
206 
4- Bromo (1. 3-dioxolan-2-yl) benzenel63 
A solution of 4-bromobenzaldehyde (5 g. 27 mmol) in toluene (SO mJ) was treated 
wlthp-toluene sulfonic acid. Ethylene glycol (1.7 g, 27 mmol) was added and the 
solution was heated to reflux under Dean-Stark conditions for 20 h. The reaction was 
allowed to cool to room temperature, quenched with saturated aqueous sodium 
hydrogen carbonate, extracted into ethyl acetate and dried over sodIUm sulfate The 
solution was concentrated-in vacuo, then purified by chromatography (silica, eluent: 
8.1 hexanes: ethyl acetate) to give 3.S g (S7%) colourless oil. IH NMR (400 MHz, 
CDCb) OH: 3.88 - 4.04 (m, 4H); S.70 (s, lH); 7.30 (d, J = 8, 2H); 4.47 (d, J = 8, 2H). 
13C NMR (400 MHz, CDCb) Oc: 6S.7 (2), 1034,1236,128.7 (2), 131.9 (2), 137 6. 
207 
di [4-(dimethyl acetal)phenyI] [l-(triphenyl methyl)aziridin-2-yIJ methanol (96) 
MeO OM. 
A solution of (95) (2.8 g, 5 mmol) in tetrahydrofuran (12 m1) was cooled to -78°C. 
n-Butyllithium (2 5 M solution in hexanes, 5 8 mI, 15 mmol) was added dropwise to 
the solution. The reaction was then maintained at _78°C for 2 h before the addition of 
(72) (1 g, 2.9 mmol) The green suspension was then allowed to warm slowly to 
room temperature and stirred for a further 19 h, and then warmed to reflux for 5 h. 
The resulting orange suspension was quenched with saturated aqueous ammonium 
chloride (20 ml), extracted into diethyl ether (50 mI) and dried over magnesium 
sulfate. The residue was evaporated to dryness and punfied by column 
chromatography (silica, eluent: 4:1 hexanes ethyl acetate) to Yield 1.2 g (67%) (96) 
as a yellow ou. 'Ilmax/cm'l: 3421, 2935, 1447, 1530, 1100, 1053. IH NMR (250 MHz, 
CDCh) OH: 1.34 (d, J = 6, lH), 2 09 (d, J = 3, IH); 2 35 (dd, J = 3, 6, IH); 3 24 (s, 
6H), 3.26 (s, 6H); 4.51 (s, IH); 5 26 (s, IH); 5.33 (s, lH); 7.13 -7.48 (m, 23H). 
C.IORIlN a,. 
Some decomposition of the protecting group occurs during analysis, so no further 
analysis carried out. (bae) no longer isolated on synthetic route, dimethyl acetal 
deprotect!.on carried out Without purification by chromatography. 
208 
di [4-(dimethyl acetal)phenyl] [1-(diphenylmethyl)aziridin-2-yl] methanol (97) 
MoO OM. 
A solution of (95) (1.2 g, 5 mmol) in tetrahydrofuran (6 rnl) was cooled to -78 QC. n- -
Butyllithium (2.5 M solutIOn in hexanes, 3.0 m1, 7.5 =01) was added dropwlse to 
the solution The reaction was then maintained at -78 QC for 2 h before the addition of 
(89) (0 3 g, 1.2 mmol). The green suspension was then allowed to warm slowly to 
room temperature and stirred for a further 19 h. The resulting orange suspension was 
quenched with saturated aqueous a=onium chlonde (10 m1), extracted into diethyl 
ether (50 ml) and dried over magnesium sulfate. The residue was concentrated In 
vacuo and purified by column chromatography (silica, eluent: 4'1 hexanes: ethyl 
acetate) to yield 0.4 g (62%) (97) as a yellow Oll. llmax/cm·l: 3424,2935,1351,1101, 
1053. IH NMR (250 MHz, CDCh) OH: 1.60 (cl, J = 6, 1H); 2.10 (cl, J = 4, 1H); 2.72 
(dd, J = 4,6, 1H); 3.27 (s, 6H), 3.31 (s, 6H); 3 85 (s, 1H); 3.99 (s, IH); 5.25 (s, 1H); 
5.33 (s, 1H); 6.93 -7.41 (rn, 18H) C3.,H37NOs. 
Some decomposition of the protecting group occurs during analysis, so no further 
analysis carried out. (baa) no longer isolated on synthetic route, dimethyl acetal 
deprotection carried out without purification by chromatography. 
209 
[4 - (formylphenyl)] [1- (triphenyl methyl)aziridin-2-yl] methanol (98) 
~o 
A solution of (96) (0.5 g, 0 8 mmol) and para-toluene sulfonic acid (50 mg) in 
dichloromethane (20 ml) and water (5 ml) was stirred vigorously at room temperature 
for 4 days. The reactIOn was quenched with saturated aqueous sodium hydrogen 
carbonate (10 ml), extracted into dichloromethane (20 ml) and dried over sodIUm 
sulfate. The solvents were removed In vacuo and baf was purified by column 
chromatography (silica, eluent: 5:1 petroleum ether' ethyl acetate) to give 0.25 g 
(59%) colourless oil. umax/cm-I: 3442, 1698, 1603, 1211,705. IH NMR (250 MHz, 
CDCI) OH: 1.37 (d, J = 6, 1H); 2 09 (d, J = 3, 1H); 2.45 (dd, J = 3,6, IH); 4.74 (s, 
IH); 7 13 -7.75 (m, 23H), 9.91 (s, 1H); 9 95 (s, 1H). 
{98} used with no further purificatlon/analySlS carried out. 
210 
di [4-formylphenylj [1-(diphenylmethyl)aziridin-2-ylj methanol (99) 
~ 
para-Toluene suIfonic (50 mg) was added to a solution of (97) (0.3 g, 0 6 mmol) in a 
mixture of dichloromethane (20 ml) and water (5 ml). The suspension was then 
stlIfed at room temperature for 4 days. The reaction was quenched with saturated 
aqueous sodium hydrogen carbonate (10 mI), extracted into dichloromethane (20 mI) 
and dried over magnesium sulfate. Evaporation to dryness and purificatIon by 
column chromatography (silica, eluent: 5:1 petroleum ether ethyl acetate) YIelded 
015 g (60%) (99) as pale yellow crystals. umax/cm· l : 3432,2835,1698,1603,1306, 
1212,1171. IH NMR (250 MHz, CDCh) Oti: 1.70 (d, J = 6, lH); 2.15 (d, J = 3, lH); 
2.74 - 2.81 (m, IH), 3.85 (s, IH); 4.17 (s, IH); 6 98 -7.31 (m, 1OH), 7 22 (d, J = 8, 
2H); 7.47 (d, J = 8, 2H), 7.58 (d, J = 8, 2H); 781 (d, J = 8, 2H); 9.88 (s, IH); 996 (s, 
IH). 
(99) used WIth no further purification/analysis carried out 
211 
di [4-ethenylphenyll [1-(triphenylmethyl)aziridin-2-yI] methanol (100) 
A solution of methyl tnphenyl phosphonium bromide (0 56 g. 1 6 =01) in 
tetrahydrofuran (10 ml) was cooled to O°C. Potassium bis(trimethylsilyl)amide (0.5 
M solution in toluene. 2 8 ml. 1.4 =01) was added dropwise and the resulting bnght 
yellow suspension was mamtained at 0 °c for 1 h. The ylide mixture was then 
transferred to a solution of (98) (0.2 g. 0 4 =01) in tetrahydrofuran (10 ml) at 0 cc. 
The reaction was allowed to warm slowly to room temperature for 3 h. The reacuon 
was then quenched with saturated aqueous ammonium chloride (10 ml). extracted into 
ethyl acetate (50 ml) and dried over sodium suifate. The product was evaporated to 
dryness and punfied by column chromatography (SIlica. eluent. 6:1 hexanes: ethyl 
acetate) to yield 0.16 g (81 %) (100) as a colourless oil [C(jd = + 13.1 (c 0.09. 
CH2Ch) u""",/cm": 3422. 1437. 1190. 1119.721. 695. 'H NMR (250 MHz. CDCI3) 
Ss' 1.28 (<I, J = 6. IH); 208 (<I, J = 3. IH); 2.35 (dd. J = 3. 6. 1H); 4.34 (s. IH); 5.13 
(m. 2H); 5 63 (m. 2H); 6.64 (m. 2H). 7.14 -7.36 (m. 23H). 13C NMR (lOO MHz. 
CDCh) lie: 32.1. 47.5. 74.1.1142. 114.5. 125.7 (3). 126.1 (3). 126.3 (3). 1264 (3). 
126.9 (3).127.3 (3).128.5 (3).1288 (3).135.7.136.3.136.7.1372.143.2.1434. 
146.0. 146.9. C3SH33NO 
212 
di [4-ethenyiphenyl] [1-(diphenyimethyI)aziridin-2-yll methanol (101) 
A solution of methyl triphenyl phosphonium bromide (0 42 g, 1.2 mmol) in 
tetrahydrofuran (10 mJ) was cooled to 0 ·C. Potassium bis(trimethylsilyl)amide (0 5 
M solution in toluene, 1 4 mJ, 0.7 mmol) was added dropwlse and the resulting 
suspension was maintained at 0 ·C for 1 h. The yhde was then transferred to a 
solution of (99) (0.1 g, 02 mmol) in tetrahydrofuran (10 mJ) also at O·c. The 
reactton was allowed to warm slowly to room temperature for 3 h. The reaction was 
then quenched with saturated aqueous ammonium chloride (10 mJ), extracted into 
ethyl acetate (50 mJ) and dried over sodium sulfate. The product was evaporated to 
dryness and punfied by column chromatography (silica, eluent: 6'1 petroleum ether: 
ethyl acetate) to Yield 0.05 g (51 %)(101) as pale crystals. mp 167 - 170 ·C. [CLld = + 
10.4 (c 0 06, CH2Ch). umax/cm·l: 3424, 2923, 1490, 1447,705. 'H NMR (400 MHz, 
CDCh) OH' 160 (d, J= 6, lH); 2.14 (d, J = 4, IH); 270 (dd, J = 4,6, IH); 3.82 (s, 
IH); 3.88 (s, IH); 5.14- 5.20 (m, 2H), 5.59 - 5.71 (m, 2H); 6.69 (m, 2H); 6.95 -7 44 
(m, 18H) 13C NMR (100 MHz, CDCh) Oc 31.6,46.7,74.3,77.5,113.6,114.1,1259 
(2), 126.2 (2), 126.3 (2), 126.4 (2),1268 (2), 127.4 (3), 128 0 (2), 128.7 (3), 135.7, 
136.0,136.8, 1370,142.8, 143.1, 145.0, 1467. CnH29NO. 
213 
Polystyrene supported N-trityl aziridine (102) 
A solution of (100) (0.12 g. 0 23 mmol). styrene (2.0 g. 19.2 mmol) and divinyl 
benzene (0 11 g. 0 68 mmol) in chlorobenzene (4 mI) were treated with benzoyl 
peroxlde (60 mg. cat.). A solutIOn of polyvinyl alcohol (MW 14000. 80 mg) and 
sodium chloride (0.25 g) in water (l0 mJ) was added. The reaction was slIrred 
sufficiently to form an even emulsion. The emulsIOn was thoroughly de-gassed and 
heated to 85 ·C for 20 h. The resultant polymer beads were removed by filtration. and 
washed with: methanol. acetone. water. tetrahydrofuran (2 x 50 mJ each) The 
polymer was then allowed to swell m tetrahydrofuran (50 mJ) and heated to reflux for 
1 h. The solvent was decanted off. and the polymer contracted WIth methanol (50 mJ). 
The beads were collected by filtration and dned under vacuum for 5 days. Yield 2.2 g 
(100%). llmax/cm·l : 3446. 3058.2921.1718. 1600. 1492. 1451. 1435. 1270.756.695. 
632. Anal. found: C. 90.4; H. 7 5. N. 0 1 
o 1 mmoVg loading calculated from percentage of nitrogen present. 
214 
Polystyrene supported N-benzhydryl aziridine (103) 
A solution of (101) (0.1 g, 0.23 mmol), styrene (2 0 g, 192 mmol) and divinyl 
benzene (011 g, 0 68 mmol) in chlorobenzene (4 rnJ) were treated with benzoyl 
peroxide (60 mg, cat). A solution of polyvmyl alcohol (MW 14000, 80 mg) and 
sodIUm chlonde (0 25 g) m water (10 rnJ) was added. The reactIOn was stIrred 
sufficiently to fonn an even emulsion. The emulsion was thoroughly de-gassed and 
heated to 85 ·C for 20 h The resultant polymer beads were removed by filtration, and 
washed with: methanol, acetone, water, tetrahydrofuran (2 x 50 rnJ each). The 
polymer was then allowed to swell in tetrahydrofuran (50 ml) and heated to reflux for 
2 h. The solvent was decanted off, and the polymer contracted with methanol (50 rnJ). 
The beads were collected by filtration and dned under vacuum for 5 days. Yield 2.2 g 
(-100%). uroax/cmol: 3448,3025,2922,1718,1601,1491,1450,1420,1271,756, 
695,670. Anal. found: C, 89.9; H, 7.5; N, 0.1. 
0.1 mmoVg loading calculated from percentage of nitrngen present. 
215 
Styrene polymer (104) 
A solution of styrene (2.0 g. 19.2 mmol) and dlVinyl benzene (0.15 g. 0 92 mmol) in 
chlorobenzene (4 rnI) was treated with benzoyl peroxide (60 mg. cat). A solution of 
polyvinyl alcohol (MW 14000.80 mg) and sodium chloride (0.25 g) ID water (10 ml) 
was added The reaction was stirred sufficiently to form an even emulsion. The 
emulsion was thoroughly de-gassed and heated to 85°C for 20 h The resultant 
. polymer beads were removed by filtration. and washed with: methano\, acetone. 
water. tetrahydrofuran (2 x 50 ml each). The polymer was then allowed to swell in 
tetrahydrofuran (50 rnI) and heated to reflux for 2 h. The solvent was decanted off. 
and the pOlymer contracted with methanol (50 mJ). The beads were collected by 
filtration and dried under vacuum for 5 days. Yield: 2.2 g (-100%). 'llmax/cm'l: 2923. 
1718.1601.1491.1450.1270.757.696 Anal. found: C. 89.4; H. 7 4.,N. 0 
216 
Polystyrene supported free aziridine (105) 
(102) (1.2 g, 0.12 mmol) was allowed to sweIl in dichloromethane (20 ml) for 30 mm 
Tnfluoroacetic acid (0.14 g, 1.2 mmol) was added dropwise. The reaction was stirred 
slowly at room temperature for a further 3 h. Triethylamine (0.12 g, 1.2 mmol) was 
added, and the reaction allowed to stir for a further 1h. The polymer was collected by 
filtration, contracted with methanol, and washed with acetone (20 ml), water (50 ml) 
and methanol (50 ml). The beads were then dried under vacuum for 5 days. Yield 1 1 
g (-100%) \lmax/cm'l: 3436,3023,2919,1721,1681,1600,1492,1451,1371,1270, 
755,695. Anal. found: C, 90.1; H, 76; N, 0.3. 
217 
t-Phenyl, 3-{4-chlorophenyl) propen-t-one (112)160 
o 
Cl 
Aqueous potassium hydroxide (10%, 150 ml) was cooled to 0 °c Acetophenone (6.0 
g, 50 mmol) in ethanol (50 ml) was added gradually over 10 mm. The mixture was 
maintained at 0 °c for 30 mm. 4-Chlorobenzaldehyde (7.0 g, 50 mmol) in ethanol (50 
ml) was added. The reaction was maintained at 0 °C for a further 15 min, then 
allowed to warm to room temperature and stirred for 4 h. The reaction was then 
refrigerated for 18 h. The resulung yellow precipitate was collected and washed 
successively with water (until the washings showed neutral to litmus) and ethanol 
(lOO ml). (baz) was then punfied by column chromatography (silica, eluent: 95:5 
petroleum ether: ethyl acetate) to yield 10 0 g (82%) pale yellow crystals. mp 110-
114°C. 'l)roaxfcm'l: 2924, 1656, 1565, 1403,821,774,684 IH NMR (250 MHz, 
CDCi) ~. 7.38 (d, J = 8, 2H); 7 48 (d, J = 8, 2H); 7.52 -7.59 (m, 4H); 7.75 (d, J = 
16, IH); 8.00 (d, J = 7, 2H) 13C NMR (lOO MHz, CDCh) .se: 122.5, 128.4, 1285, 
128.7,128.9,129.2,129.6,130.8,132.9, 133.3, 133 4, 136.4, 1380,1433, 1902. 
mlz 24204984 (242.04984 required), 77 (70%); 105 (53%),207 (51 %),242 (100%). 
Anal. calcd for CIsHnClO: C, 74.2; H, 4.6; N, O. Found: C, 74.2; H, 4.6; N, -0.1. 
218 
I-PhenYl, 3-(3-methoxy phenyl) propen-I-one (113l60 
o 
.& OM. 
Aqueous potassium hydroxide (10%,150 ml) was cooled to 0 0c. Acetophenone (6.0 
g, 50 mmol) in ethanol (50 ml) was added gradually over 10 min. The mixture was 
. maintained at 0 °c for 30 min. 3-methoxybenzaldehyde (6.8 g, 50mmol) was added, 
the reaction was mamtained at 0 °c for a further 15 min, then allowed to wann to 
room temperature and stirred for 4 h The reaction was then refrigerated for 18 h. 
The resulting orange precipitate was collected and washed successively with water 
(until the washings showed neutral to htmus) and ethanol (100 ml). (cab) was then 
punfied by column chromatography (Silica, eluent: 95.5 petroleum ether: ethyl 
acetate) to yield 96 g (81 %) pale yellow crystals. mp 64 - 66°C. um",.!cm· l : 3059, 
2999,2835,1662,1578,1261, 1017,770,687. IH NMR (400 MHz, CDCh) SR' 3.85 
(s, 3H); 6.97 (ddd, J = 1,2,8, IH); 7.15 (t, J = 2, 4, IH); 7.24 (d, J = 8, IH), 7.34 (t, J 
= 8,16, IH); 7.48 -7 61 (m, 4H); 7.77 (d, J = 16, IH); 8.03 (dd, J = 2,8, 2H). !lC 
NMR (100 MHz, CDCh) Se: 55.7, 113.9, 116.7, 1215, 122.8, 128.9, 1290 (2), 129.4, 
1303, 133.2, 136.7, 138.6, 145.1, 1604, 1909. mlz 238.09927 (238.09938 required), 
77 (57%), 207 (67%), 237 (70%), 238 (100%), 239 (17%). Anal. calc'd for CI~1402: 
C, 80.6; H, 6 0; N, O. Found: C, 80 3; H, 5.7, N, -0.1 
219 
I-(2-methoxyphenyl), 3-phenyl propen-I-one (114)160 
OM. 0 
Aqueous potassium hydroxide (10%, 150 m1) was cooled to 0 0c. A solutIon of 2-
methoxyacetophenone (7.5 g, 50 nunol) in ethanol (50 ml) was added gradually over 
10 min, and the mixture was maintained at 0 °c for 30 min. Benzaldehyde (5 3 g, 50 
nunol) was added and the reactIOn was mamtained at 0 °c for a further 15 min, then 
allowed to warm to r?om temperature and stIrred for 4 h. The reactIOn was then 
refrigerated for 18 h. The solvent was then decanted off and the orange residue was 
washed successively with water (untIl the washings showed neutral to littnus). The 
solutIon was then dried over sodium sulfate and concentrated in vacuo. PurificatIon 
by chromatography (silica, eluent 95:5 petroleum ether: ethyl acetate) yielded 8 8 g 
(74%) pale yellow oil. tlma,/cm-I: 1658, 1438, 1332, 1031, 1017,756. IH NMR (400 
MHz, CDCh) OH: 3.79 (s, 3H), 6 91 (d, J = 8, 1H), 6.97 (t, J = 8,15, IH); 7 27 -7.61 
(m, 7H); 7 6 (d, J = 14, 2H). BC NMR (100 MHz, CDCh) oc· 55.6, 111.6, 120.7, 
127.1, 1283, 128 8, 128.9, 1292, 1302, 1303, 132.9, 1337, 135.11429, 158.1, 
192.5. mJz 238 09907 (238 09938 required), 77 (42%), 135 (100%), 150 (22%), 238 
(11 %). CI6li14~. 
220 
1-(3-methoxyphenyl), 3-phenyl propen-l-one (115)160 
o 
MeO 
Aqueous potassium hydroxide (10%. 150 ml) was cooled to 0 cC. A solution of 3-
methoxyacetophenone (7.5 g. 50 mmol) in ethanol (50 ml) was added dropwise over 
10 min. and the mixture was maintained at 0 °c for 30 min. Benzaldehyde (5.3 g. 50 
mmol) was added and the reaction was maintained at 0 °c for a further 15 min. then 
allowed to warm to room temperature and stirred for 4 h. The reaction was then 
refrigerated for 19 h. The solvent was then decanted off and the brown residue was 
extracted into dichloromethane (50 ml) and washed successively with water until the 
washings showed neutral to litmus. The solution was dried over sodium sulfate and 
concentrated in vacuo. PurificatIOn by column chromatography (silica, eluent: 95:5 
petroleum ether: ethyl acetate) YIelded 9 0 g (76%) pale yellow oil. u""",/cm-t 1662. 
1594. 1575. 1256. 1032.759. tH NMR (4001lliz. CDCIJ) .sH: 3.79 (s. 3H). 7.04 (d, J 
= 8. IH) 7.28 -7.59 (m. 9H); 7.78 (d. J = 16. lH). 13C NMR (100 1lliz. c;oCh) .se: 
55.3.112.5.119.2. 1210.125.3.1282.128.4. 129 0.129.6. 130.5. 134.8. 138.4. 
1395.144.6.1598. 189.9. mlz 238.09938 (238.09938 required). 77 (60%). 103 
(45%). 131 (47%). 135 (50%). 237 (96%).238 (100%). Ct6H140:z 
221 
1- phenyl, 3 -(4-chloro phenyl) pentan-l-one (racemic) (116)160 
o 
Cl 
A solutIon of (112) (0.24 g, 1 mmol) and nickel (11) acetylacetonoate (10 mol%, 0 026 
g, 0.1 mmol) in acetonitnle (10 rol) was cooled to 0 cC. Diethylzinc (1.1 M solution 
in toluene, 2 2 mmol, 2 rol) was added. The reaction was strrred at room temperature 
for 4 days. After quenching with aqueous saturated ammonium chloride (10 ml), the 
product was extracted into diethyl ether (50 ml), dried over sodium sulfate and 
evaporated to dryness In vacuo. The resulting oil was purified by preparative thin 
layer chromatography (aluminium backed sl\tca, eluent. 95:5 petroleum ether: ethyl 
acetate) to give 0.17 g (63%) colourless oil. Umax/crn'l: 2962,2929, 1685, 1491, 1448, 
750,689. IH NMR (400 MHz, CDCh) /)H' 079 (t, J = 8, 15, 3H); 1.58-1.64 (m, lH), 
1.74 -1.78 (m, lH), 3.21 - 3.27 (rn, 3H);7 15 (d, J = 8, 2H), 7 23 (d, J = 8, 2H); 7.41 
(t, J = 7, 15, 2H); 7.51 (t, J = 7, 15, IH); 7.88 (d, J = 8, 2H). 13C NMR (100 MHz, 
CDCh) (le: 12.0,29.2,424,45.4,1280,1285, 1286, 128.8, 129.0, 129.4, 129 8, 
131.8,1330, 133.1, 137.1, 143.2198.8. mlz 272.09646 (272.09679 required), 77 
(53%); 105 (100%), 152 (49%); 243 (35%); 272 (5%). C17HI7CIO. 
222 
1 phenyl, 3 - (3-methoxyphenyl) propanol-one (racemic) (117)160 
OM. 
A solution of (113) (0.24 g, 1 mmol) and nickel (Il) acetylacetonoate (20 mol%, 50 
mg, 0.1 mmol) in acetonitrile (10 mI) was cooled to 0 ·C. Diethylzinc (1.1 M solution 
in toluene, 2.2 mmol, 2 mI) was added. The reaction was stirred at room temperature 
for 4 days. After quenching with aqueous saturated ammOnIum chloride (10 ml), the 
product was extracted into diethyl ether (50 mI), dried over sodium sulfate and 
evaporated to dryness in vacuo The resultIng oil was purified by preparative thin 
layer chromatography (aluminium backed Silica, eluent: 95:5 petroleum ether ethyl 
acetate) to give 0.11 g (41 %) colourless Oil. umaxlcm· l : 2960,2930, 1682, 1597, 1583, 
1449, 1261, 1043,690. IH NMR. (400 MHz, CDCh) OH: 0 81 (t, J = 7, 15, 3H), 1 59 
- 1.66 (m, lH); 1.74 -1.81 (m. 1H), 3.20- 329 (m, 3H); 3.79 (s, 3H); 6 72 (ddd, J = 
1,2,8, lH); 6.77 (t, J = 2,4, 1H); 6 83 (d, J = 7, IH); 7 20 (t, J = 8, 16, IH); 7 41 -
756 (m, 3H); 7.91 (dd, J = 2,8, 2H). 13C NMR (100 MHz, CDCh) oe: 121,29.1, 
43.1,456,55.2,111.28,113.7,120.1,128.3,1284,1285,128.6, 1294,1329,137.2, 
146.5, 159.7, 199.2. 
223 
1- (2-methoxy phenyl), 3 - phenyl pentan-l-one (racemic) (118)160 
A solution of (114) (0.24 g, 1 nunol) and nickel (II) acetylacetonoate (20 mol%, 50 
mg, 0.2 nunol) in acetonitrile (10 ml) was cooled to 0 ·C. Diethylzinc (1.1 M soluliOn 
in toluene, 2.2 nunol, 2 ml) was added, and the reaction was sllITed at room 
temperature for 4 days. After quenching with aqueous saturated ammODlum chloride 
(10 ml), the product was extracted IDto diethyl ether (50 ml), dried over sodium 
sulfate and evaporated to dryness in vacuo. The resulting oil was purified by 
preparative thin layer chromatography (aluminium backed silica, eluent: 95:5 
petroleum ether: ethyl acetate) 10 give 0.17 g (63%) colourless oil. umax/cm-'; 2958, 
2923, 1673, 1597, 1463, 1243, 1020,754. 'H NMR (400 MHz, CDCh) OH' 0.78 (t, J 
= 7, 15, 3H); 1.58 - 1.64 (m, IH); 1.70 - 1.75 (m, IH); 3 04 - 3.15 (m, IH); 3 27 -
3.31 (m, 2H); 3.84 (s, 3H), 6.90 -702 (m, 2H), 7.13 -7.27 (m, 5H); 7 38 -7 48 (m, 
2H). '3C NMR (100 MHz, CDCh) oe 12.1,294,43 2, 50.6, 55.5, III 4, 1206, 125.9, 
127.7,128.2, 1283, 128.4, 128.5, 1304,1330,1450,158.1,202.1. mJz 26814673 
(268 14633 required), 77 (34%); 91 (25%); 135 (100%); 239 (49%); 268 (13%). 
C'8H20~. 
224 
1(3-methoxyphenyl), 3 - phenyl propanol-one (racemic) (119)160 
MeO 
A solution of (115) (0 24 g, 1 mmoi) and nickel(ll) acetylacetonoate (10 mol%, 50 
mg, 0.2 mmol) in acetonitrile (10 ml) was cooled to 0 "C. Diethylzinc (1.1 M solution 
in toluene, 2.2 mmol, 2 ml) was added The reaction was stirred at room temperature 
for 4 days. After quenching with aqueous saturated ammonium chlonde (10 ml), the 
product was extracted into diethyl ether (50 ml), dried over sodium sulfate and 
evaporated to drynes~ In vacuo. The resulting OIl was purified by preparative thin 
layer chromatography (aluminium backed SIlica, eluent 95:5 petroleum ether ethyl 
acetate) to give 0.15 g (56%) colourless OIL umax/cm-': 2960, 1683, 1596,1582, 1486, 
1451,1274,1258,1042,700. 'H NMR (400 MHz, CDCh) OH: 0.80 (t, J = 7,15, 3H); 
1.60 -1.68 (m, IH); 1.75 -1.81 (m, IH); 3.21- 329 (m, 3H); 3.83 (s, 3H); 7.08 
(ddd, J = 1,4,8, IH); 7.16 -7.53 (ID, 8H). '3C NMR (lOO MHz, CDCb) oc' 12.1, 
29.2,43.1,45.7,55.4,1123, 1194, 120.7, 121.1, 126.3, 127.7, 128.4, 128.5, 1296, 
138.7,144 7,1598,199.1. 
225 
1,3 diphenyl pentan-l-one (racemic) (120)160 
A solutIon of chalcone (0.2 g. 1 mmol) and nickel(II) acetylacetonoate (10 mol%. 
0.026 g. 0.1 mmol) in acetonitrile (10 ml) was cooled to 0 ·C. Dlethylzinc (1 1 M 
solutIon in toluene. 2.2 mmol. 2 ml) was added. The reaction was stirred at room 
temperature for 4 days. After quenching with aqueous saturated ammODlum chloride 
(10 ml). the product was extracted into dlethyl ether (50 ml). dned over sodium 
sulfate and evaporated to dryness in vacuo. The resulting oil was purified by 
preparative thin layer chromatography (aluminium backed Silica. eluent: 95'5 
petroleuln ether. ethyl acetate) to give 0.16 g (70%) colourless oil. 1.lmax/cm· l : 2962. 
2927.1684.1491.1014.689. IH NMR (400 MHz, CDCI3) IiH: 0 80 (t. J = 7. 14. 3H); 
1.64 - 1.79 (m. 2H). 3 23 - 3.35 (rn. 3H); 7 14 -7.53 (m. 6H); 7 41 (d. J = 8. 2H); 
7.89 (d. J = 8. 2H). 13C NMR (100 MHz. CDCI3) lie: 12 O. 29.3. 42 4. 45.41. 1280 
(2).128.5 (2). 1286 (2). 129.0 (2).129.8.133.0.137.2.1432.198.8. mlz 238 13540 
(238.13576 required). 77 (46%). 105 (100%).118 (57%). 209 (54%). 238 (10%). 
C17H1sO. 
226 
General reaction for Diethylzinc addition to ChaIcones. 
o 
Ligand (10 mol%) and anhydrous nickel (IT) acetyl acetonoate (9 mol %, 23 mg, 0.09 
mmol) were dIssolved in acetonitrile (20 ml). The solution was refluxed for 1 h The 
colourless solution was then cooled to -30°C. Chalcone (1 mmol, 0.2 g) in 
acetonitrile (2 ml) was added followed by dIethylzinc (1.1 M solution in toluene, 2.2 
mmol, 2.0 ml). The reaction was maintained at _30°C for 3h. The reactIon was 
quenched with saturated aqueous ammonium chlonde (10 ml) and extracted into 
diethyl ether (20 ml). The solutIon was dried over magnesium sulfate and evaporated 
to dryness. The conversion rate was determined by IH NMR (400 MHz), and the 
crude sample injected on to GC (Chrompak, Clnrasll CB column, 10 psi). 
227 
General procedure: Addition of diethylzinc to aldehydes 
R ~ 
Aldehyde (2 mmol) was added to a solution ofligand (5 mol%) m toluene (8 m1). 
The solution was cooled to 0 DC for the addition of diethylzmc (1.1 M solution in 
toluene, 4 mmol, 3.6 m1). The reaction was allowed to warm to room temperature and 
stirred for 24 h The reaction was quenched with saturated aqueous ammonium 
chloride solution (10 m1), extracted mto diethyl ether (50 m1) and dried over 
magnesium sulfate Evaporation to dryness yields a colourless oil. 
For HPLC, the oil was purified by chromatography (silica, eluent 4 1 hexanes· ethyl 
acetate), then subjected to chiral HPLC: Chiracel OD, 99:1 hexanes: isopropanol, 1.0 
mI min·!. 
For GC, the 011 was used crude, 1mg m1.! in ethanol· Chrompak, Chirasll CB, 10 pSI. 
228 
General procedure for the epoxidation of I-phenyl cycIohexene 
Oxone™ (12.6 mmol. 1.34 g) was added to a solution of sodium carbonate (12.6 
mmol. 1.34 g) in water (20 ml) at 0 °c and the suspensIOn stirred vigorously for 10 
min. A solution of polymer-supported ligand (10 mol%. 0.3 mmol. 0 5 g) in 
acetonitrile (20 m1) was added. swiftly followed by I-phenyl cyclohexene (3.16 
mmol. 0.5 g). The IDIxture was stirred rapidly for 3 h maintaining the temperature at 
o °C. Diethyl ether (80 m1) and water (80 m1) were added. and the mixture allowed to 
separate. The diethyl ether layer was decanted off The aqueous layer was extracted 
With diethyl ether (2 x 20 m1). and the combined ethereal layers washed With saturated 
brine. dried over magnesium sulfate. then evaporated to dryness In vacuo. The 
product was punfied by column chromatography (silica. eluent: 98·2 petroleum ether: 
ethyl acetate). The product was subjected to chiral shift IHNMR with Europium hfc. 
229 
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Table I. Crystal data and structure refinement for smal2. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient 11 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
9 range for data collection 
Index ranges 
Completeness to 9 = 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F'>2cr 
Absorption correction 
Min. and max. tr?nsmission 
Structure solution 
Refinement ffi'.'thod 
Weighting p1 ameters a, b 
Data 1 restraints 1 parameters 
Final R indIces [F2:>2a] 
R indices (all data) 
Goodness-of-fit on F2 
Absolute structure parameter 
Extinction coefficient 
Largest and mean shtftlsu 
Largest diff. peak and hole 
sma12 
C"H"NO 
225.28 
IS0(2)K 
MoKa, 0.71073 A 
monoclinic, P2t 
a = 7.2981(6) A 
b = 10.1999(9) A 
c = 8 6263(8) A 
611.91(9) A3 
2 
1.223 g/cm3 
0.076mm-t 
240 
a=900 
p = 107.650(2)° 
y=900 
colourless, 0.90 x 0 49 x 0 45 mm3 
4698 (9 range 2.48 to 28.72°) 
Bruker SMART 1000 CCD diffractometer 
ro rotation with narrow frames 
2.48 to 28.71° 
h-9t09,k-13to 13,1-11 to 10 
100.0 % 
0% 
5345 
2768 (R... = 0.0154) 
2680 
semi-empirical from equivalents 
0.934 and 0.966 
direct methods 
Full-matrix least-squares on F2 
00477,00836 
2768/1/170 
RI = 0.0295, wR2 = 0.0787 
RI = 0.0305, wR2 = 0.0798 
1.032 
0.3(10) 
0.013(5) 
o 000 and 0 000 
0.231 and -0.142 e A-3 
Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A') 
for smal2. U", is defined as one third of the trace of the orthogonalized U"tensor. 
x y z U,q 
N(I) 0.36492(16) 0.39844(11) 0.48216(14) 0.0300(2) 
C(I) 0.27148(18) 0.35367(13) 0.31289(18) 0.0331(3) 
C(2) 0.48209(15) 036780(11) 0.37425(13) 0.0218(2) 
C(3) 0.61181(15) 0.24751(10) 0.40642(13) 0.0197(2) 
0(1) 0.51053(12) 0.14826(8) 0.46221(10) 002453(18) 
C(4) 064126(15) 0.21247(11) 0.24280(13) 00213(2) 
C(5) 0.76478(17) 0.28820(13) 0.18304(15) 0.0277(2) 
C(6) 0.7821(2) 0.26353(15) 0.02903( 16) 0.0357(3) 
C(7) 06785(2) 0.16209(16) -0.06528(15) 00372(3) 
C(8) 05595(2) 0.08538(14) -0.00494(15) 00330(3) 
C(9) 0.53890(16) 0.11094(12) 0.14747(14) 0.0259(2) 
C(IO) 0.80523(15) 0.27418(11) 0.53599(13) 0.0213(2) 
C(lI) 0.84870(17) 0.39178(11) 0.62165(14) 0.0247(2) 
C(12) 1.02466(18) 0.40790(12) 0.74265(14) 0.0283(3) 
C(13) 1.15742(18) 0.30655(13) 0.77997(15) 0.0311(3) 
C(14) 1.11501(18) 0.18906(14) 0.69418(16) 0.0322(3) 
C(15) 0.94103(18) 0.17338(12) 0.57249(15) 0.0276(3) 
Table 3. Bond lengths [A] and angles [0] for smal2. 
N(I)-C(2) 14759(15) N(I)-C(I) 1.4839(19) 
C(I)-C(2) 1.4731(16) C(2)-C(3) 1.5230(15) 
C(3}-O(I) 1.4208(12) C(3)-C(4) 1.5329(14) 
C(3)-C(lO) 1.5359(15) C(4)-C(9) 1.3908(16) 
C(4)-C(5) 1.3990(16) C(5)-C(6) 1.3949(16) 
C(6)-C(7) 1.390(2) C(7)-C(8) 1.382(2) 
C(8)-C(9) 1.3926(17) C(IO)-C(II) 1.3941(16) 
C(10)-C(15) 1.3962(16) C( 11 )-C(l2) 1.3974(17) 
C(12)-C(13) 1.3863(18) C(13)-C(l4) 1.3931(19) 
C(I4)-C(I5) 1.3898(17) 
C(2}-N(I)-C(I) 59.70(8) C(2)-C(1 }-N(I) 59.88(8) 
C(1)-C(2}-N(I) 60.42(8) C(I )-C(2)-C(3) 12066(10) 
N(I)-C(2)-C(3) 120.18(10) 0(1 )-C(3)-C(2) 106.10(8) 
O( I )-C(3)-C( 4) 11223(9) C(2)-C(3)-C(4) 10584(8) 
0(1)-C(3)-C(10) 109.72(9) C(2)-C(3)-C(1O) 111.92(9) 
C(4)-C(3)-C(10) 110.91(8) C(9)-C(4)-C(5) 118.94(10) 
C(9)-C(4)-C(3) 121.19(10) C(5)-C(4)-C(3) 119.77(10) 
C(6)-C(5)-C(4) 120.39(12) C(7)-C( 6)-C( 5) 120.11(12) 
C(8)-C(7)-C( 6) 119.56(12) C(7)-C(8)-C(9) 120.63(12) 
C( 4)-C(9)-C(8) 120.35(11) C(11)-C(l0)-C(15) 118.83(10) 
C(1I)-C(l0)-C(3) 123.32(10) C(15)-C(10)-C(3) 117.81(10) 
C(10)-C(1I)-C(l2) 120.46(11) C(13)-C(12)-C(II) 120.34(11) 
C(12)-C(13)-C(l4) 11941(11) C(15)-C(14)-C(13) 120.35(12) 
C(14)-C(15)-C(10) 120.60(11) 
Table 4. Anisotropic displacement parameters (N) for smal2. The anisotropic 
displacement factor exponent takes the form: -2~[h2a*'U" + ... + 2hka*b*V121 
V" V" V33 Vn V" VI2 
N(I) 00314(5) 00227(5) 00430(6) -0.0010(4) 0.0219(5) 00007(4) 
C(1) 0.0218(5) 0.0267(6) 0.0490(7) -0.0021(6) 00080(5) 0.0007(5) 
C(2) 0.0221(5) 0.0192(5) 0.0254(5) -00003(4) 0.0091(4) -00002(4) 
C(3) 0.0198(5) 0.0180(5) 0.0229(5) -0.0002(4) 0.0088(4) -0.0004(4) 
0(1) 00257(4) 0.0190(4) 00327(4) 00018(3) 00145(3) -0.0013(3) 
C(4) 0.0192(5) 0.0231(5) 00212(5) 0.0005(4) 00054(4) 0.0038(4) 
C(5) 00273(5) 00300(6) 00281(5) -0.0003(5) 0.0117(4) -0.0013(5) 
C(6) 0.0380(7) 00437(8) 0.0316(6) 0.0048(5) 0.0199(5) 0.0034(6) 
C(7) 0.0444(7) 00458(8) 0.0215(5) -0.0001(5) 00100(5) 0.0141(6) 
C(8) 0.0350(6) 00343(7) 0.0233(5) -0.0055(5) -00006(5) 0.0056(5) 
C(9) 0.0243(5) 0.0262(6) 0.0247(5) -0.0001(4) 00038(4) 0.0014(4) 
C(10) 00211(5) 0.0229(5) 0.0212(5) 0.0014(4) 0.0085(4) -00013(4) 
C(ll) 0.0259(5) 0.0228(5) 0.0261(5) -0.0002(4) 0.0089(4) 0.0001(4) 
C(12) 0.0313(6) 0.0270(6) 00264(5) -00034(5) 00084(5) -0.0064(5) 
C(13) 0.0251(6) 0.0369(7) 0.0274(6) 0.0023(5) 00021(5) -00041(5) 
C(14) 0.0265(6) 00290(6) 0.0371(6) 0.0043(5) 0.0036(5) 00043(5) 
C(15) 0.0262(5) 00219(6) 0.0331(6) -0.0017(5) 0.0065(4) 0.0001(4) 
Table 5. Hydrogen coordinates and isotropic displacement parameters (N) 
for smal2. 
x y z V 
H(IA) 0.370(3) 0.329(2) 0.549(2) 0045 
H(IC) 0.195(3) 0.4228(19) 0.241(2) 0040 
H(ID) 0.222(2) 0.264(2) 0.304(2) 0.040 
H(2) 0.549(2) 0.4450(16) 0.3432(18) 0.026 
H(lB) 0.571(3) 0.077(2) 0.469(2) 0037 
H(5) 0.8373 0.3568 0.2477 0033 
H(6) 08648 0.3162 -{).O 11 4 0.043 
H(7) 0.6894 0.1456 -0.1705 0.045 
H(8) 04912 00145 -0.0681 0040 
H(9) 0.4545 00588 0.1865 0.031 
H(ll) 0.7581 04615 05976 0.030 
H(12) 10535 04887 0.7996 0.034 
H(13) 1.2763 03171 08633 0.037 
H(14) 1.2055 0.1193 07190 0.039 
H(15) 09143 0.0933 05136 0.033 
Table 6. Hydrogen bonds for sma12 [A and °1. 
D-H ... A d(D-H) d(H ... A) d(D ... A) «DHA) 
O(I)-H(lB) ... N(I') 084(2) 1.89(2) 2.6990(14) 159.2(17) 
Symmetry operations for equivalent atoms 
, -x+l,y-II2,-z+1 
1\ 
"0 
tJ 
(, 
cm 
C(8)~ 
Cl 
C(25) 
C(26) 
Table I. Crystal data and structure refinement for smal4. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient f1 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
9 range for data collection 
Index ranges 
Completeness to 9 = 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2:>2cr 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 parameters 
Final R indices [F2:>2crj 
R indices (all data) 
Goodness-of-fit on F2 
Absolute structure parameter 
Extinction coefficient 
Largest and mean shiftlsu 
Largest diff. peak and hole 
smal4 
C:zsIbNO 
389.47 
150(2) K 
MoKa, 0.71073 A 
monoclinic, a 
a = 25.1727(18) A 
b = 7.5583(6) A 
c = 11.0247(8) A 
2093.1(3) A3 
4 
1.236 g/cm3 
0.074 mm-I 
824 
(1= 90° 
p = 93.739(2)° 
y= 90° 
colourless, 0.79 x 0.66 x 0.44 mm3 
6797 (9 range 2.3 80 to 28.731°) 
Bruker SMART 1000 CCD diffi'actometer 
Cl rotation with narrow frames 
1.62 to 28.84° 
h-33to33,k-9to 10,1-14to 14 
99.9% 
0% 
9269 
4841 (R",,=0.0131) 
4603 
semi-empirical from equivalents 
0.944 and 0.968 
direct methods 
Full-matrix least-squares on F2 
0.0519,0.6708 
4841/1/273 
RI = 0.0339, wR2 = 0.0883 
RI = 0.0360, wR2 = 0.0902 
1.040 
0.2(11) 
0.0012(5) 
0.001 and 0.000 
0.212 and -0.168 e A-3 
Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A2) 
for smal4. U"I is defmed as one thIrd of the trace of the orthogonabzed U" tensor. 
x y Z U"I 
0(1) 039195(4) 032302(13) 0.48973(8) 0.0265(2) 
N(I) 032109(4) 0.40597(15) 030810(10) 0.0243(2) 
C(1) 0.28695(5) 0.27747(19) 036860(12) 0.0285(3) 
C(2) 033710(5) 0.21878(17) 031752(11) 0.0236(2) 
C(3) 038741(5) 0.18649(17) 0.40026(11 ) 0.0225(2) 
C(4) 0.43537(5) 0.18850(18) 032094(11) 0.0227(2) 
C(5) 0.47183(5) 03269(2) 032649(12) 0.0288(3) 
C(6) 051347(6) 03286(2) 0.24896(13 ) 0.0356(3) 
C(7) 051888(6) 0.1943(2) 0.16599(13) 0.0365(3) 
C(8) 0.48282(6) 0.0556(2) 0.16024(13) 0.0327(3) 
C(9) 0.44144(5) 0.05124(18) 0.23770(12) 0.0272(3) 
C(10) 038498(5) 0.01218(17) 0.46944(11) 0.0235(3) 
C(II) 0.42677(6) -0.02651(19) 055495(12) 0.0293(3) 
C(12) 0.42670(6) -0.1826(2) 0.62157(13) 0.0338(3) 
C(13) 038487(6) -030108(19) 0.60402(13) 0.0316(3) 
C(14) 034346(6) -0.26466(18) 051887(13) 0.0306(3) 
C(15) 034347(5) -0.10879(18) 0.45129(12) 0.0273(3) 
C(16) 0.29926(5) 0.46721(17) 0.18844(11) 0.0243(3) 
C(17) 034091(5) 055202(19) 0.11265(11 ) 0.0259(3) 
C(18) 038791(5) 0.4813(2) 0.07429(12) 0.0315(3) 
C(19) 0.41832(6) 05839(2) -0.00083(13) 0.0368(3) 
C(20) 0.40181(6) 0.7511(2) -0.03827(13) 0.0377(3) 
C(21) 035484(6) 0.8232(2) 0.00042(12) 0.0326(3) 
C(22) 032491(5) 0.72319(18) 0.07733(11) 0.0264(3) 
C(23) 0.27464(5) 0.76441(18) 0.13261(11) 0.0256(3) 
C(24) 0.24395(6) 0.9176(2) 0.12723(12) 0.0305(3) 
C(25) 0.19798(6) 0.9220(2) 0.19104(13) 0.0347(3) 
C(26) 0.18305(6) 0.7769(2) 0.25835(13) 0.0364(3) 
C(27) 0.21355(6) 0.6223(2) 0.26283(13) 0.0311(3) 
C(28) 0.25953(5) 0.61718(18) 0.19960(12) 0.0255(3) 
Table 3. Bond lengths [A] and angles [0] for smal4. 
0(1}-C(3) 1.4269(IS) N(I}-C(16) 1.4704(16) 
N(I}-C(2) 1.4729(17) N(I}-C(I) 1.4837(17) 
C(1}-C(2) 1.4832(17) C(2}-C(3) I.S314(17) 
C(3}-C(10) I.S2SS(17) C(3}-C(4) I.S363(16) 
C(4}-C(S) 13904(18) C(4}-C(9) 1.4000(18) 
C(S}-C(6) 139SI(19) C(6}-C(7) 1.379(2) 
C(7}-C(8) 1386(2) C(8}-C(9) 1.3899(19) 
C(I O}-C(I S) 13931(18) C(10}-C(11) 1.3969(19) 
C(11}-C(12) 1390(2) C(12}-C(13) 1.386(2) 
C(13}-C(14) 1384(2) C(14}-C(IS) 1.394(2) 
C(16}-C(28) 1.5219(18) C(16}-C(17) I.S239(18) 
C(17}-C(18) 13893(19) C(17}-C(22) 1.403(2) 
C(18}-C(19) 1399(2) C(19}-C(20) 1.384(3) 
C(20}-C(21) 1.394(2) C(21}-C(22) 1.3932(19) 
C(22}-C(23) 1.4732(18) C(23 }-C(24) 1.3907(19) 
C(23}-C(28) 1.4018(19) C(24 }-C(2S) 1.393(2) 
C(2S}-C(26) 1.389(2) C(26}-C(27) 1.397(2) 
C(27}-C(28) 1.3902(18) 
C(16)-N(I)-C(2) 116.7S(10) C(16)-N(I}-C(I) 114.57(10) 
C(2)-N(I}-C(1 ) 60.22(8) C(2}-C(1)-N(I) S9.53(8) 
N(1 }-C(2}-C(1) 60.2S(8) N(I}-C(2}-C(3) 114.01(10) 
C(1}-C(2}-C(3) 120.8S(II) 0(1 }-C(3}-C(1 0) 106.44(9) 
O(I}-C(3}-C(2) 108.80(10) C(1O}-C(3}-C(2) 112.14(10) 
0(1 }-C(3}-C( 4) 110.8S(10) C(1O}-C(3}-C(4) 110.60(10) 
C(2}-C(3}-C(4) 108.03(9) C(S}-C(4}-C(9) 119.12(12) 
C(S}-C(4}-C(3) 121.SS(12) C(9}-C(4}-C(3) 119.28(11) 
C( 4}-C(S}-C(6) 120.00(13) C(7}-C(6}-C(S) 120.69(14) 
C(6}-C(7}-C(8) 119.6S(13) C(7}-C(8}-C(9) 120.30(14) 
C(8}-C(9}-C(4) 120.23(13) C(IS}-C(1 0}-C(11) 118.97(12) 
C(IS}-C(10}-C(3) 12331(11) C(11}-C(IO}-C(3) 117.72(11) 
C(12}-C(II}-C(1O) 120.50(13) C(13}-C(12}-C(11) 120.12(13) 
C(14}-C(13}-C(12) 119.85(13) C(13}-C(14}-C(IS) 120.28(13) 
C(10}-C(15}-C(14) 120.28(12) N(I}-C(16)-C(28) 111.78(10) 
N(1 }-C(16)-C(17) 113.21(10) C(28}-C(16}-C(17) 102.13(11) 
C(18)-C(17}-C(22) 12036(13) C(18}-C(17}-C(16) 129.42(13) 
C(22)-C(17}-C(16) 110.18(11) C(17}-C(18}-C(19) 118.46(14) 
C(20)-C(19}-C(18) 121.17(14) C(19}-C(20}-C(21) 120.64(14) 
C(22)-C(21 )-C(20) 118.50(14) C(21 }-C(22}-C(17) 120.84(13) 
C(21)-C(22)-C(23) 130.55(13) C(17}-C(22}-C(23 ) 108.60(12) 
C(24 )-C(23}-C(28) 120.94(12) C(24 }-C(23 }-C(22) 130.40(13) 
C(28}-C(23}-C(22) 108.66(11) C(23 }-C(24 }-C(25) 118.40(13) 
C(26}-C(25}-C(24 ) 120.89(13) C(25}-C(26}-C(27) 120.77(13) 
C(28)-C(27}-C(26) 118.63(13) C(27}-C(28}-C(23) 120.36(12) 
C(27}-C(28}-C(16) 12937(12) C(23}-C(28}-C(16) 110.27(11) 
Table 4. Anisotropic displacement parameters (A2) for smal4. The anisotropic 
displacement factor exponent takes the form: _2712[h2ao2UII + ... + 2hkaObOUl2] 
U" Un U33 U23 UI3 UI2 
0(1) 0.0338(5) 0.0213(4) 0.0245(4) -0.0024(4) 0.0014(3) 0.0025(4) 
N(I) 0.0250(5) 0.0254(5) 0.0227(5) 0.0023(4) 0.0029(4) 0.0026(4) 
C(1) 0.0249(6) 0.0315(7) 0.0295(6) 0.0063(5) 0.0051(5) 0.0024(5) 
C(2) 0.0237(6) 0.0234(6) 0.0237(6) 0.0009(5) 0.0016(4) 0.0013(5) 
C(3) 0.0244(6) 0.0216(6) 0.02\3(5) -0.0008(5) 0.0011(4) -0.0003(5) 
C(4) 0.0216(5) 0.0255(6) 0.0208(5) 0.0043(5) -0.0006(4) 0.0013(5) 
C(5) 0.0295(6) 0.0286(6) 0.0281(6) 0.0010(5) -0.0001(5) -0.0037(6) 
C(6) 0.0294(7) 0.0428(8) 0.0346(7) 0.0055(7) 0.0005(5) -0.0100(6) 
C(7) 0.0288(7) 0.0517(9) 0.0296(7) 0.0054(7) 0.0064(5) -0.0008(6) 
C(8) 0.0327(7) 0.0390(8) 0.0266(6) -0.0017(6) 0.0044(5) 0.0052(6) 
C(9) 0.0269(6) 0.0286(7) 0.0260(6) -0.0005(5) 0.0014(5) 0.0000(5) 
C(10) 0.0273(6) 0.0225(6) 0.0212(5) -0.0012(4) 0.0056(5) 0.0018(5) 
C(II) 0.0322(7) 0.0270(7) 0.0283(6) 0.0024(5) -0.0010(5) -0.0047(5) 
C(12) 0.0406(8) 0.0307(7) 0.0292(7) 0.0056(6) -0.0039(6) -0.0006(6) 
C(\3) 0.0431(8) 0.0223(6) 0.0301(7) 0.0022(5) 0.0090(6) 0.0005(6) 
C(14) 0.0317(6) 0.0232(7) 0.0378(7) -0.0043(6) 0.0089(5) -0.0036(5) 
C(15) 0.0259(6) 0.0248(6) 0.0313(7) -0.0028(5) 0.0025(5) -0.0001(5) 
C(16) 0.0247(6) 0.0260(6) 0.0223(5) 0.0012(5) 0.0021(4) 0.0025(5) 
C(17) 0.0244(6) 0.0327(7) 0.0205(6) 0.0000(5) 0.0004(5) -0.0006(5) 
C(18) 0.0279(6) 0.0417(8) 0.0250(6) -0.0003(6) 0.0018(5) 0.0042(6) 
C(19) 0.0266(7) 0.0554(10) 0.0291(7) -0.0039(7) 0.0060(5) -0.0020(6) 
C(20) 0.0346(7) 0.0497(9} 0.0293(7) -0.0002(6) 0.0053(5) -0.0142(7) 
C(21) 0.0363(7) 0.0339(7) 0.0274(6) 0.0016(6) 0.0009(5) -0.0068(6) 
C(22) 0.0264(6) 0.0306(7) 0.0218(6) -0.0024(5) -0.0017(5) -0.0033(5) 
C(23) 0.0277(6) 0.0293(7) 0.0194(5) -0.0018(5) -0.0024(4) 0.0000(5) 
C(24) 0.0374(7) 0.0287(7) 0.0247(6) 0.0006(5) -0.0030(5) 0.0038(6) 
C(25) 0.0383(7) 0.0349(8) 0.0305(7) 0.0001(6) -0.0009(6) 0.0138(6) 
C(26) 0.Q314(7) 0.0465(9) 0.0318(7) -0.0002(6) 0.0061(5) 0.0\33(6) 
C(27) 0.0309(7) 0.0354(7) 0.0273(6) 0.0052(6) 0.0043(5) 0.0049(6) 
C(28) 0.0252(6) 0.0281(6) 0.0228(6) -0.0008(5) -0.0007(5) 0.0037(5) 
Table 5. Hydrogen bonds for sma14 [A and 0]. 
D-H ... A d(D-H) 
0.84 
d(H .. .A) 
2.17 
d(D .. .A) «DHA) 
O(I}-H(I) ... N(1) 2.6680(14) 117.5 
~ 
6 
• 
• 
Table I. Crystal data and structure refinement for sma7. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient 11 
F(OOO) 
Crystal colour and size 
Reflections for ceU refinement 
Data collection method 
o range for data collection 
Index ranges 
Completeness to 0 = 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F~2cr 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 parameters 
Final R indices [F~2crl 
R indices (all data) 
Goodness-of-fit on F2 
Absolute structure parameter 
Extinction coefficient 
Largest and mean shift/su 
Largest diff. peak and hole 
sma7 
C28H2,NO 
391.49 
150(2)K 
MoKa, 0.71073 A 
monoclinic, P21 
a = 5.7982(9) A 
b=21.474(3)A 
c = 8.7813(13) A 
1049.8(3)A3 
2 
1.238 g/cm3 
0.074 mm-l 
416 
a=900 
f3 = 106.221 (2)° 
'Y = 90° 
colourless,0.41 x 0.32 x 0.03 mm3 
3694 (0 range 2.42 to 28.67°) 
Bruker SMART 1000 CCD diifractometer 
Cl rotation with narrow frames 
1.90 to 28.67° 
h-7t07,k-27t027,1-1I to 11 
99.8% 
0% 
7934 
4416 (R ... = 0.0342) 
3726 
semi-empirical from equivalents 
0.970 and 0.998 
direct methods 
Full-matrix least-squares on F2 
0.0666,0.0357 
4416/1/284 
RI =0.0490,wR2=O.l217 
RI = 0.0592, wR2 = 0.1273 
1.057 
0(2) 
0.014(4) 
0.000 and 0.000 
0.292 and -0.255 e A-3 
Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A2) 
for sma7. U .. is defined as one third of the trace of the orthogonahzed U" tensor. 
x y z U .. 
N(I) 0.6523(3) 0.41598(9) 0.0771(2) 0.0257(5) 
C(I) 0.6668(6) 038003(12) 02237(3) 0.0430(6) 
C(2) 0.6109(4) 034825(10) 0.0677(2) 0.0254(5) 
C(2X) 0.6523(3) 041598(9) 0.0771(2) 0.0257(5) 
N(IX) 0.6109(4) 034825(10) 0.0677(2) 0.0254(5) 
C(3) 0.8029(3) 030974(10) 0.0280(2) 0.0228(4) 
0(1) 1.0173(4) 034507(11) 0.0795(3) 0.0277(6) 
C(4) 0.7553(4) 029853(9) -0.1506(2) 0.0223(4) 
C(5) 05435(4) 031503(11) -02626(3) 0.0292(5) 
C(6) 05130(5) 030316(12) -0.4229(3) 0.0352(5) 
C(7) 0.6904(4) 027483(12) -0.4729(3) 0.0346(5) 
• 
C(8) 0.9037(4) 025793(12) -03623(3) 0.0336(5) 
C(9) 0.9345(4) 027002(11) -02028(3) 0.0294(5) 
C(IO) 0.8278(4) 024817(10) 0.1169(2) 0.0240(4) 
C(II) 1.0465(4) 022906(12) 02170(3) 0.0321(5) 
C(12) 1.0633(5) 0.17219(J3) 02973(3) 0.0398(6) 
C(13) 0.8632(5) 0.13553(13) 02808(3) 0.0401(6) 
C(14) 0.6454(5) 0.15438(11 ) 0.1822(3) 0.0353(6) 
C(l5) 0.6274(4) 021029(11) 0.0998(3) 0.0287(5) 
C(16) 0.4370(4) 0.45582(10) 0.0189(2) 0.0227(4) 
O(IX) 02584(9) 0.4217(3) 0.0482(6) 0.0301(14) 
C(17) 03893(4) 0.46682(10) -0.1583(2) 0.0230(4) 
C(18) 0.1718(4) 0.44952(11 ) -02628(3) 0.0311(5) 
C(19) 0.1301(5) 0.45950(14) -0.4264(3) 0.0434(7) 
C(20) 03037(5) 0.48575(15) -0.4838(3) 0.0466(7) 
C(21) 05207(5) 050371(13) -03804(3) 0.0417(6) 
C(22) 05632(4) 0.49433(11) -02179(3) 0.0303(5) 
I 
C(23) 0.4644(4) 051675(10) 0.1105(2) 0.0233(4) 
C(24) 02618(4) 055302(11) 0.0987(3) 0.0307(5) I. C(25) 02752(5) 0.60862(11) 0.1791(3) 0.0359(6) 
C(26) 0.4945(5) 0.62955(11 ) 02735(3) 0.0352(5) 
C(27) 0.6978(5) 059425(12) 02871(3) 0.0352(6) 
C(28) 0.6843(4) 053779(11) 02056(3) 0.0285(5) 
Table 3. Bond lengths [A] and angles [0] for sma7. 
N(I)-C(2) 1.473(3) N(I)-C(l6) 1.482(3) 
N(I)-C(I) 1.483(3) C(1)-C(2) 1.483(3) 
C(2)-C(3) I.S04(3) C(3)-O(I) 1.418(3) 
C(3)-C(10) I.S22(3) C(3)-C(4) 1.534(3) 
C(4)-C(S) 1387(3) C(4)-C(9) 1.390(3) 
C(S)-C(6) 1.392(3) C(6)-C(7) 1369(4) 
C(7)-C(8) 1.391(3) C(8)-C(9) 1.386(3) 
C(IO)-C(II) 1.388(3) C(1O)-C(l5) 1392(3) 
C(II )-C(12) 1.400(4) C(12)-C(13) 1.376(4) 
C(I3)-C(14) 1.378(4) C(14)-C(15) 1390(3) 
C(I6}-O(1X) 1351(5) C(16)-C(17) I.S21 (3) 
C(16)-C(23) 1.521(3) C(I7)-C(18) 1387(3) 
C(17)-C(22) 1390(3) C(18)-C(19) 1.40S(4) 
C(19)-C(20) 1.367(4) C(20 )-C(21 ) 1.38S(4) 
• 
C(21)-C(22) 1.394(3) C(23)-C(24) 1.389(3) 
C(23)-C(28) 1.390(3) C(24)-C(2S) 1378(3) 
C(25)-C(26) 1.385(4) C(26)-C(27) 1378(4) 
C(27)-C(28) 1.399(3) 
C(2)-N(I )-C(16) 116.25(17) C(2)-N(1 )-C(I) 60.22(14) 
C(16)-N(I)-C(I) 115.99(19) C(2)-C(1 )-N(I) 59.54(14) 
N(I )-C(2)-C(1) 60.24(IS) N(I)-C(2)-C(3) 115.86(17) 
C(1)-C(2)-C(3) 118.83(19) 0(1 )-C(3)-C(2) 105.77(18) 
0(1 )-C(3 )-C(IO) 110.61(18) C(2)-C(3)-C(10) 109.22(16) 
0(1 )-C(3)-C(4) 107.55(17) C(2)-C(3)-C(4) 112.95(17) 
C(10)-C(3)-C(4) 110.64(17) C(5)-C(4)-C(9) 118.3(2) 
C(S)-C(4)-C(3) 123.73(18) C(9)-C(4)-C(3) 117.95(18) 
C(4)-C(5)-C(6) 120.4(2) C(7)-C(6)-C(5) 120.8(2) 
C(6)-C(7)-C(8) 119.5(2) C(9)-C(8)-C(7) 119.7(2) 
C(8)-C(9)-C(4) 121.2(2) C(II)-C(10)-C(15) 118.9(2) 
C(11)-C(l0)-C(3) 121.40(19) C(15)-C(1O)-C(3) 119.72(19) 
C(10)-C(11)-C(l2) 120.0(2) C(13)-C(12)-C(l1) 120.5(2) 
• 
C(12)-C(13)-C(14) 119.7(2) C(13)-C(14)-C(15) 120.2(2) 
C(14)-C(IS)-C(10) 120.6(2) 0(IX)-C(16)-N(I) 103.8(3) 
O(lX)-C(l6)-C(17) 110.5(3) N(I)-C(l6)-C(17) 109.74(16) 
0(IX)-C(16)-C(23) 109.8(3) N(I )-C(16)-C(23) 111.13(16) 
C(17)-C(16)-C(23) 111.72(17) C(18)-C(17)-C(22) 119.1(2) 
C(18)-C(17)-C(l6) 120.46(19) C(22)-C(17)-C(16) 120.46(18) 
C(17)-C(18)-C(19) 120.0(2) C(20)-C(19)-C(l8) 120.4(2) 
C(19)-C(20)-C(21) 120.0(2) C(20 )-C(21 )-C(22) 120.0(2) 
C(17)-C(22)-C(21) 120.5(2) C(24 )-C(23)-C(28) 118.5(2) 
C(24)-C(23)-C(16) 118.78(19) C(28)-C(23)-C(16) 122.70(19) 
C(25)-C(24)-C(23) 121.5(2) C(24 )-C(25)-C(26) 119.9(2) 
C(27)-C(26)-C(25) 119.6(2) C(26)-C(27)-C(28) 120.5(2) 
C(23 )-C(28)-C(27) 120.0(2) 
Table 4. Anisotropic displacement parameters (A 2) for sma7. The anisotropic 
displacement factor exponent takes the form: -2x2[h2a*2UIl + ... + 2hka*b*U12j 
U" U22 U33 U23 UI3 UI2 
N(I) 0.0316(10) 0.0248(10) 0.0171 (9) -0.0009(7) 0.0011(7) -0.0005(8) 
C(I) 0.0805(19) 0.0306(11) 0.0165(10) -0.0002(9) 0.0111(12) 0.0035(12) 
C(2) 0.0349(11) 0.0261(10) 0.0160(9) -0.0018(8) 0.0083(8) -0.0040(9) 
C(2X) 0.0316(10) 0.0248(10) 0.0171(9) -0.0009(7) 0.0011(7) -0.0005(8) 
N(IX) 0.0349(11) 0.0261(10) 0.0160(9) -0.0018(8) 0.0083(8) -0.0040(9) 
C(3) 0.0235(10) 0.0277(11) 0.0169(10) -0.0006(8) 0.0051(8) -0.0026(9) 
0(1) 0.0221(11) 0.0333(13) 0.0258(12) -0.0070(10) 0.0034(9) -0.0013(10) 
C(4) 0.0295(10) 0.0214(10) 0.0166(9) 0.0019(8) 0.0075(8) -0.0024(8) 
C(5) 0.0326(11) 0.0306(12) 0.0247(11) -0.0011(9) 0.0087(9) 0.0053(9) 
C(6) 0.0447(13) 0.0345(12) 0.0206(11) -0.0009(10) -0.0008(9) 0.0044(11) 
• 
C(7) 0.0529(15) 0.0330(12) 0.0194(11) 0.0003(9) 0.0126(11) -0.0029(11) 
C(8) 0.0381(12) 0.0396(13) 0.0277(12) -0.0038(10) 0.0169(10) 0.0005(10) 
C(9) 0.0277(11) 0.0365(13) 0.0250(11) 0.0020(9) 0.0087(9) -0.0011 (I 0) 
C(lO) 0.0283(11) 0.0295(11) 0.0143(9) -0.0030(8) 0.0064(8) 0.0038(9) 
C(II) 0.0290(11) 0.0427(14) 0.0220(11) 0.0010(10) 0.0030(9) 0.0062(10) 
C(12) 0.0468(15) 0.0466(15) 0.0230(12) 0.0066(11) 0.0046(11) 0.0161(13) 
C(13) 0.0629(16) 0.0325(12) 0.0261(12) 0.0086(10) 0.0145(11) 0.0134(12) 
C(14) 0.0474(14) 0.0285(12) 0.0320(13) 0.0008(10) 0.0146(11) -0.0004(11) 
C(lS) 0.0313(12) 0.0296(12) 0.0229(11) 0.0008(9) 0.0038(9) 0.0036(9) 
C(16) 0.0239(10) 0.0250(10) 0.0181(10) 0.0005(8) 0.0041(8) -0.0018(8) 
O(1X) 0.026(3) 0.034(3) 0.032(3) -0.001(2) 0.011(2) -0.007(2) 
C(17) 0.0251(10) 0.0242(11) 0.0184(10) -0.0030(8) 0.0039(8) 0.0047(8) 
C(l8) 0.0297(11) 0.0314(12) 0.0272(11) -0.0055(9) -0.0001(9) 0.0020(9) 
C(19) 0.0421(14) 0.0522(16) 0.0237(12) -0.0113(11) -0.0110(10) 0.0136(12) 
C(20) 0.0637(18) 0.0583(17) 0.0148(11) 0.0006(11) 0.0057(12) 0.0207(15) 
C(21) 0.0506(15) 0.0534(16) 0.0253(12) 0.0084(11) 0.0173(11) 0.0127(12) 
C(22) 0.0319(11) 0.0370(13) 0.0211(11) 0.0021(9) 0.0058(9) 0.0017(10) 
C(23) 0.0298(11) 0.0249(10) 0.0163(9) 0.0020(8) 0.0085(8) -0.0012(9) 
• 
C(24) 0.0302(12) 0.0319(13) 0.0306(12) 0.0008(10) 0.0095(10) 0.0026(10) 
C(25) 00416(14) 0.0324(13) 0.0361(14) -0.0007(10) 0.0147(11) 0.0091(11) 
C(26) 0.0573(\5) 0.0253(12) 0.0278(12) -0.0053(10) 0.0197(11) 0.0000(11) 
C(27) 0.0399(13) 0.0380(13) 0.0242(12) -0.0083(10) 0.0031(10) -0.0062(11) 
C(28) 0.0344(12) 0.0296(11) 0.0201(10) -0.0025(9) 0.0054(9) 0.0030(9) 
• 
• 
Table 5. Hydrogen coordinates and isotropic displacement parameters (A2) for sma7. 
x y 
H(lA) 0.8277 03732 
H(IB) 05350 03851 
H(2) 0.4413 03341 
H(2X) 0.8065 0.4315 
H(3) 0.9585 03327 
H(I) 0.9863 03829 
H(5) 0.4184 03345 
H(6) 03674 03149 
H(7) 0.6679 0.2668 
H(8) 1.0278 0.2382 
H(9) 1.0809 0.2586 
H(I1) 1.1847 0.2546 
H(12) 1.2141 0.1588 
H(13) 0.8751 0.0974 
H(14) 05070 0.1291 
H(15) 0.4769 0.2227 
H(16) 0.2962 0.4330 
H(lX) 0.2808 03838 
H(18) 0.0510 0.4309 
H(19) -0.0196 0.4479 
H(20) 0.2755 0.4917 
H(21) 0.6405 05224 
H(22) 0.7121 05068 
H(24) 0.1106 05392 
H(25) 0.1341 0.6326 
H(26) 05048 0.6680 
H(27) 0.8483 0.6084 
H(28) 0.8254 05138 
Table 6. Hydrogen bonds for sma7 [A and 0]. 
D-H ... A 
O(I}-H(I) ... N(I) 
O(IX}-H(IX) ... N(IX) 
d(D-H) 
0.84 
0.84 
z 
0.2984 
0.2741 
0.0218 
0.0611 
0.0662 
0.0598 
-0.2296 
-0.4983 
-05825 
-03959 
-0.1278 
0.2311 
03637 
03372 
0.1704 
0.0312 
0.0363 
0.0329 
-0.2237 
-0.4976 
-05947 
-0.4203 
-0.1472 
0.0338 
0.1697 
03285 
03523 
0.2152 
d(H .. .A) 
2.11 
2.00 
u 
0.052 
0.052 
0.031 
0.031 
0.027 
0.042 
0.035 
0.042 
0.042 
0.040 
0.035 
0.038 
0.048 
0.048 
0.042 
0.034 
0.027 
0.045 
0.037 
0.052 
0.056 
0.050 
0.036 
0.037 
0.043 
0.042 
0.042 
0.034 
d(D .. .A) 
2.603(3) 
2.549(6) 
«DHA) 
117.3 
121.9 
" 
rl (J' (j 
(;(11)) (;(1!5) 
(;112) (;113) 
Table I. Crystal data and structure refinement for smal6. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient 11 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
9 range for data collection 
Index ranges 
Completeness to 9 = 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F'>2cr 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F'>2cr 1 
R indices (all data) 
Goodness-of-fit on F' 
Absolute structure parameter 
Extinction coefficient 
Largest and mean shiftlsu 
Largest diff. peak and hole 
smal6 
C3S67H3333NI330133 
501.97 
150(2) K 
MoKa, 0.71073 A 
rhombohedral, R3 
a = 27.263(2) A 
b = 27.263(2) A 
c = 9.4764(10) A 
6099.7(9) A3 
9 
1.230 g!cm3 
0.074 mm-I 
2406 
a=900 
~ =90· 
y = 120· 
colourless, 0.76 x 0.47 x 0.27 mm3 
6207 (9 range 2.31 to 28.13°) 
Bruker SMART 1000 CCD diffractometer 
Cl rotation with narrow frames 
1.49 to 28.84° 
h -35 to 35, k -35 to 36,1-12 to 12 
100.0% 
0% 
17684 
6360 (R,m = 0.0314) 
4805 
semi-empirical from equivalents 
0.946 and 0.980 
direct methods 
Full-matrix least-squares on F' 
0.0667, 11.2484 
6360/ I /335 
RI = 0.0694, wR2 = 0.1697 
RI =00896, wR2=0.1780 
1.077 
-1(3) 
0.0012(2) 
0.000 and 0.000 
0.304 and -0.226 e A-3 
Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A') 
for smal6. Uoq is defined as one third of the trace of the orthogonalized U"tensor. 
x y z U,. 
N(I) 044995(11) 0.22528(12) 0.3537(3) 00377(6) 
C(1) 0.42597(16) 0.19873(16) 0.2179(3) 0.0466(8) 
C(2) 0.42930(14) 0.16471(13) 0.3357(3) 0.0375(7) 
C(3) 0.47109(14) 0.14317(15) 0.3461(4) 0.0422(8) 
0(1) 0.48767(12) 0.14494(13) 0.4916(3) 00600(7) 
C(4) 0.4429(2) 0.1094(3) 0.5860(4) 0.0786(15) 
C(5) 0.52625(16) 0.18044(15) 0.2682(5) 00588(11) 
C(6) 0.52780(19) 0.18052(16) 0.1233(5) 00672(13) 
C(7) 0.5788(3) 0.2136(2) 0.0503(8) 0.107(3) 
C(8) 0.6282(2) 0.24566(17) 0.1317(9) 0.096(2) 
C(9) 0.6266(2) 02444(2) 0.2735(10) 0.105(3) 
C(10) 0.57696(16) 0.21252(17) 03391(8) 00809(17) 
C(11) 044547(13) 008251(14) 02918(3) 00379(7) 
C(12) 0.47460(15) 0.05346(15) 0.3188(3) 0.0436(8) 
C(13) 0.45308(17) -0.00165(16) 0.2780(4) 00508(9) 
C(14) 0.40083(18) -0.03044(16) 0.2124(4) 0.0514(9) 
C(15) 0.37232(16) -0.00209(16) 0.1795(4) 0.0497(8) 
C(16) 0.39388(15) 0.05363(15) 0.2196(3) 0.0431(8) 
C(17) 0.41746(13) 0.24629(13) 0.4383(3) 00348(6) 
C(18) 0.44612(14) 0.26334(14) 0.5841(3) 0.0386(7) 
C(19) 0.4959(2) 0.2629(3) 0.6121(5) 0.0841(16) 
C(20) 0.5210(3) 0.2800(3) 0.7450(6) 0.1 10(2) 
C(21) 0.4971(2) 0.2959(2) 0.8509(5) 0.0810(15) 
C(22) 0.44981(17) 0.29848(19) 0.8214(4) 0.0591(10) 
C(23) 0.42445(15) 0.28188(16) 0.6896(4) 0.0470(8) 
C(24) 0.42668(13) 0.30085(13) 0.3654(3) 0.0367(7) 
C(25) 0.47048(16) 0.32974(15) 0.2712(4) 0.0487(8) 
C(26) 0.47840(18) 0.37864(16) 0.2039(4) 0.0583(10) 
C(27) 0.44273(17) 0.39913(15) 0.2315(4) 0.0542(9) 
C(28) 0.39998(17) 0.37168(15) 0.3295(4) 0.0511(9) 
C(29) 0.39130(16) 0.32312(15) 0.3949(4) 0.0473(8) 
C(30) 0.35437(13) 0.20195(13) 0.4502(3) 00354(6) 
C(31) 0.31575(14) 0.19617(16) 03469(4) 0.0434(8) 
C(32) 0.25922(15) 0.15351(17) 0.3544(4) 0.0550(10) 
C(33) 0.24045(16) 0.11651(17) 0.4665(5) 0.0586(10) 
C(34) 0.27800(16) 0.12134(15) 0.5705(4) 0.0511(9) 
C(35) 0.33460(15) 0.16357(13) 0.5631(4) 00407(7) 
Table 3. Bond lengths [A] and angles [0] for smal6. 
N(1)-C(I) 1.460(4) N(I)-C(2) 1.464(4) 
N(I)-C(17) I.S04(4) C(1)-C(2) 1.483(S) 
C(2)-C(3) I.S23(S) C(3}-O(I) 1.444(4) 
C(3)-C(S) I.S20(S) C(3)-C(1I) I S27(S) 
O(I)-C(4) 1.431(6) C(S)-C(6) I 374(7) 
C(S)-C(IO) 1.38S(6) C(6)-C(7) 1.404(6) 
C(7)-C(8) 1.414(10) C(8)-C(9) 1.344(10) 
C(9)-C(l0) 1.340(8) C(1I)-C(12) 1.397(S) 
C(11)-C(16) 1.399(S) C(12)-C(13) 1.368(S) 
C(13)-C(14) 1.383(6) C(14)-C(IS) 1.378(S) 
C(IS)-C(16) 1.380(S) C(17)-C(30) I.S34(4) 
C( 17)-C( 18) I.S41(4) C(17)-C(24) I.S43(4) 
C(IS)-C(23) 1.379(S) C(IS)-C(19) 1.388(6) 
C(19)-C(20) 1.397(6) C(20)-C(21) 1.379(8) 
C(21)-C(22) 1.3S4(6) C(22)-C(23) 1.389(S) 
C(24 )-C(2S) 1.379(S) C(24)-C(29) 1.401(S) 
C(2S)-C(26) 1.394(S) C(26)-C(27) 1.367(6) 
C(27)-C(2S) 1.3S2(6) C(2S)-C(29) 1.371(S) 
C(30)-C(31) 1.3SS(S) C(30)-C(3S) 1.402(S) 
C(31)-C(32) 1.393(S) C(32)-C(33) 1.376(6) 
C(33)-C(34) 1.379(6) C(34)-C(3S) 1.391(S) 
C(I)-N(I)-C(2) 60.9(2) C( I)-N (1)-C( 17) 117.1(3) 
C(2)-N(I)-C(17) 121.6(2) N(I)-C(I)-C(2) S9.7(2) 
N(I)-C(2)-C(I) S9.4(2) N(I)-C(2)-C(3) 119.2(3) 
C(I)-C(2)-C(3) 12S.S(3) O(I)-C(3)-C(S) 104.6(3) 
O(1)-C(3)-C(2) 109.3(3) C(S)-C(3)-C(2) 113.1(3) 
O(I)-C(3)-C(II) 10S.9(3) C(S)-C(3)-C(II) 10S.9(3) 
C(2)-C(3)-C(1I) 111.7(3) C(4}-O(I)-C(3) IIS.3(3) 
C(6)-C(S)-C(10) 117.6(4) C(6)-C(S)-C(3) 120.4(4) 
C(10)-C(S)-C(3) 121.9(S) C( S)-C( 6)-C(7) 120.9(S) 
C(6)-C(7)-C(S) 117.4(6) C(9)-C(8)-C(7) 121.3(S) 
C(10)-C(9)-C(S) 119.4(6) C(9)-C(IO)-C(S) 123.3(7) 
C( 12)-C( II)-C( 16) 117.S(3) C(12)-C(11)-C(3) IIS.0(3) 
C(16)-C(11)-C(3) 124.1(3) C(13)-C(12)-C(II) 121.2(3) 
C(12)-C(13)-C(14) 120.3(3) C(IS)-C(14)-C(13) 119.S(3) 
C( 14)-C( IS)-C( 16) 120.4(4) C(IS)-C(16)-C(II) 120.6(3) 
N(1 )-C(17)-C(30) 112.4(2) N(I)-C(17)-C(IS) 106.7(2) 
C(30)-C(17)-C(l8) 111.8(3) N(I)-C(17)-C(24) 1066(2) 
C(30)-C( 17)-C(24) 111.8(3) C(18)-C(17)-C(24) 107.3(2) 
C(23)-C(18)-C(19) 117.7(3) C(23)-C(18)-C(17) 121.0(3) 
C(19)-C(18)-C(17) 121.3(3) C( 18)-C( 19)-C(20) 119.1(4) 
C(21)-C(20)-C(19) 122.1(S) C(22)-C(21 )-C(20) 118.S(4) 
C(21)-C(22)-C(23) 120.0(4) C(18)-C(23)-C(22) 1224(3) 
C(2S)-C(24)-C(29) 118.0(3) C(2S)-C(24)-C(17) 121.2(3) 
C(29)-C(24)-C(17) 120.8(3) C(24)-C(2S)-C(26) 121.2(4) 
C(27)-C(26)-C(2S) 1201(4) C(26)-C(27)-C(28) 119.1(3) 
C(29)-C(2S)-C(27) 121.2(4) C(28)-C(29)-C(24) 120.3(3) 
C(31 )-C(30)-C(3S) 117.8(3) C(31)-C(30)-C(17) 121.7(3) 
C(3S)-C(30)-C(17) 120.4(3) C(30)-C(31 )-C(32) 121.3(4) 
C(33)-C(32)-C(31) 120.1(4) C(32)-C(33)-C(34) 119.7(3) 
C(33)-C(34)-C(3S) 120.4(4) C(34)-C(3S)-C(30) 1206(3) 
Table 4. Anisotropic displacement parameters (N) for smal6. The anisotropic 
displacement factor exponent takes the form: -2~[h2a*2UIl + ... + 2hka*b*U'2j 
UII U22 U33 U23 U'3 U'2 
N(I) 0.0345(13) 00432(15) 0.0390(14) -0.0024( 11) 0.0034(11) 0.0221(12) 
C(1) 0057(2) 0061(2) 0.0333(16) -00041(15) 0.0051(15) 0.0383(19) 
C(2) 0.0359(16) 0.0366(16) 00356(16) -00049(13) 0.0057(13) 0.0147(13) 
C(3) 00356(17) 0.0448(19) 00485(19) -00054(15) 0.0034(14) 0.0218(15) 
0(1) 00507(15) 0.0739(19) 0.0695(18) -00221(14) -0.0185(13) 00418(15) 
C(4) 0085(3) 0.141(5) 0.041(2) -0.007(3) 0.000(2) 0080(4) 
C(5) 0.043(2) 0.0343(18) 0.101(3) -0.0091(19) 0019(2) 0.0209(17) 
C(6) 0066(3) 0.0338(19) 0098(3) 0.005(2) 0.045(2) 0.0216(18) 
C(7) 0.116(5) 0.045(3) 0164(6) 0.029(3) 0.100(5) 0.044(3) 
C(8) 0.054(3) 00214(19) 0.199(7) 0002(3) 0.057(4) 00087(19) 
C(9) 0055(3) 0.050(3) 0.212(8) -0021(4) 0.024(4) 0027(2) 
C(IO) 0.038(2) 0.037(2) 0.172(5) -0.016(3) 0.002(3) 0.0220(18) 
C(lI) 0.0355(16) 00387(17) 0.0375(16) 00030(13) 0.0115(13) 0.0170(14) 
C(12) 00438(18) 00500(19) 0.0427(18) 0.0109(15) 00129(14) 0.0278(16) 
C(13) 0060(2) 0.051(2) 0.049(2) 0.0157(17) 0.0178(17) 0.0328(19) 
C(14) 0071(3) 0.0407(18) 00405(19) 00084(15) 0.0188(18) 0.0260(19) 
C(15) 0.051(2) 0.050(2) 0.0415(19) -0.0003(15) 00022(16) 00211(17) 
C(16) 0.0492(19) 0050(2) 0.0354(16) 0.0058(14) 00037(14) 00285(17) 
C(17) 0.0313(15) 00361(16) 0.0347(15) -0.0018(12) -0.0010(12) 0.0152(13) 
C(18) 0.0365(16) 0.0390(17) 0.0376(16) -0.0011(13) -0.0012(13) 0.0169(14) 
C(19) 0077(3) 0.123(4) 0.081(3) -0.049(3) -0037(3) 0.070(3) 
C(20) 0095(4) 0.172(6) 0.101(4) -0.079(4) -0.066(3) 0.095(5) 
C(21) 0079(3) 0.098(4) 0.060(3) -0.027(3) -0.025(2) 0.040(3) 
C(22) 0052(2) 0.070(3) 0.0423(19) -00003(18) 00080(17) 0.021(2) 
C(23) 0.0434(18) 0.057(2) 0.0395(18) -00017(16) 0.0046(14) 00245(17) 
C(24) 00368(16) 0.0339(16) 0.0348(16) -00036(12) -0.0025(13) 0.0142(14) 
C(25) 0.0450(19) 0.0397(18) 0.053(2) 0.0046(15) 0.0072(16) 0.0147(16) 
C(26) 0.058(2) 0.043(2) 0.058(2) 00102(17) 0.0126(19) 00137(18) 
C(27) 0.059(2) 0.0389(19) 0.058(2) 0.0032(17) -0.0152(19) 0.0196(18) 
C(28) 0.057(2) 0.045(2) 0.058(2) 0.0003(17) -0.0110(18) 0.0311(18) 
C(29) 0.052(2) 0.0444(19) 0.0485(19) 0.0033(15) 0.0048(16) 0.0269(17) 
C(30) 0.0332(15) 0.0378(16) 0.0377(15) -0.0054(13) 0.0039(12) 0.0196(13) 
C(31) 0.0380(17) 0.055(2) 0.0447(18) -0.0037(15) 0.0023(14) 0.0291(16) 
C(32) 00374(19) 0.063(2) 0.064(2) -0.016(2) -0.0072(17) 0.0247(18) 
C(33) 0.0352(19) 0.054(2) 0.070(3) -0.011(2) 0.0106(18) 0.0101(17) 
C(34) 0051(2) 0044(2) 0.047(2) -0.0033(16) 0.0140(17) 0.0155(17) 
C(35) 00438(18) 0.0356(16) 0.0423(17) -0.0061(13) 0.0037(14) 0.0196(15) 
Table 5. Hydrogen coordinates and isotropic displacement parameters (N)for smal6. 
x y z U 
H(IA) 04523 0.2075 0.1376 0.056 
H(lB) 0.3882 0.1929 0.1925 0.056 
H(2) 0.3921 01397 0.3828 0.045 
H(4A) 0.4581 0.1134 0.6817 0.118 
H(4B) 0.4260 0.0699 05557 0.118 
H(4C) 0.4139 0.1206 05853 0.118 
H(6) 0.4939 0.1579 0.0718 0.081 
H(7) 0.5800 0.2145 -0.0499 0.128 
H(8) 0.6634 0.2685 0.0853 0.115 
H(9) 0.6602 0.2658 0.3267 0.126 
H(lO) 0.5766 0.2119 04393 0.097 
H(12) 0.5100 00723 0.3665 0.052 
H(13) 04741 -0.0203 0.2947 0.061 
H(14) 0.3847 -0.0695 0.1901 0062 
H(15) 0.3376 -0.0210 0.1290 0.060 
H(16) 0.3735 00726 0.1980 0.052 
H(19) 0.5126 0.2511 0.5418 0.101 
H(20) 0.5556 0.2807 0.7629 0132 
H(21) 0.5134 0.3049 0.9425 0.097 
H(22) 0.4340 0.3116 0.8909 0.071 
H(23) 0.3909 0.2834 0.6715 0.056 
H(25) 0.4957 0.3161 0.2518 0.058 
H(26) 05086 0.3978 0.1387 0.070 
H(27) 0.4473 0.4318 0.1840 0.065 
H(28) 0.3762 0.3867 0.3521 0.061 
H(29) 0.3612 0.3045 0.4605 0.057 
H(31) 0.3281 0.2218 0.2696 0.052 
H(32) 0.2336 0.1500 0.2819 0.066 
H(33) 0.2018 0.0878 0.4723 0.070 
H(34) 0.2651 0.0957 06477 0.061 
H(35) 0.3601 0.1664 0.6352 0.049 
) 
~ 
v-l 
Table I. Crystal data and structure refinement for sma2. 
Identification code 
Chemical formula 
Fonnula weight 
Temperature 
Radiation, wavelength 
Crystal system. space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient 11 
F(OOO) 
Crystal colour and size 
Reflections for cell refmement 
Data collection method 
6 range for data collection 
Index ranges 
Completeness to 6 = 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2:>2a 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data t restraints I parameters 
Final R indices [F2:>2a] 
R indices (all data) 
Goodness-of-fit on F2 
Absolute structure parameter 
Largest and mean shiftlsu 
Largest diff. peak and hole 
sma2 
C,.H2t:IN02 
331.83 
150(2)K 
MoKa, 0.71073 A 
orthorhombic, P2,2,2, 
a = 5.5609(4) A 
b = 16.8386(12) A 
c= 17.9152(13)A 
1677.5(2) A3 
4 
1.314 gtcm3 
0237mm-' 
704 
a=900 
~=900 
y= 90° 
colourless,0.91 x 0.09 x 0.03 mm3 
6993 (6 range 227 to 28.65°) 
Bruker SMART 1000 CCD diffractometer 
co-rotation with narrow frames 
1.66 to 28.80° 
b-7 to 7,k -21 to 22, 1-23 to 23 
100.0 % 
0% 
14503 
3993 (R ... = 0.0294) 
3546 
semi-empirical from equivalents 
0.813 and 0.993 
direct methods 
Full-matrix least-squares on F2 
0.0333, 0 4229 
3993/0/211 
RI = 0.0322, wR2 = 0.0712 
RI = 0.0416. wR2 = 0.0767 
1.057 
0.01(5) 
o 000 and 0.000 
0.254 and -0.171 eA-3 
Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A2) 
for sma2. Ueq is defined as one third of the trace of the orthogonalized U'J tensor. 
x y z Ueq 
0(1) 03544(2) 033987(6) 030389(6) 0.0214(2) 
C(I) 0.6006(3) 035334(8) 018469(8) 0.0172(3) 
C(2) 0.7627(3) 032927(8) 035138(8) 0.0170(3) 
C(3) 0.7059(3) 014509(9) 037782(8) 0.0219(3) 
CI(I) 0.94285(9) 011048(2) 0.43770(2) 0.03190(11) 
N(\) 0.7390(2) 038441(7) 0.41379(7) 0.0188(3) 
C(4) 0.9241(3) 0.42545(8) 0.44318(8) 0.0189(3) 
0(2) 1.1297(2) 0.42230(7) 0.41826(6) 0.0272(3) 
C(5) 0.8585(3) 0.47766(9) 050967(8) 0.0228(3) 
C(6) 1.0756(4) 0.49289(11 ) 055870(10) 0.0374(4) 
C(7) 0.7490(4) 055526(11) 0.48142(12) 0.0442(5) 
C(8) 0.6485(3) 0.44075(9) 016385(8) 0.0182(3) 
C(9) 0.4862(3) 050028(9) 018164(9) 0.0238(3) 
C(lO) 0.5332(3) 0.57898(10) 016124(9) 0.0278(4) 
C(1l) 0.7389(3) 059815(9) 0.22269(10) 0.0272(4) 
C(12) 0.9037(3) 053943(10) 0.20571(10) 0.0282(4) 
C(13) 0.8589(3) 0.46121(9) 0.22662(9) 0.0245(3) 
C(14) 0.6477(3) 030103(8) 011612(8) 0.0177(3) 
C(l5) 0.4716(3) 0.29623(10) 0.\6115(8) 0.0232(3) 
C(16) 05054(3) 0.24964(10) 0.09784(9) 0.0288(4) 
C(17) 0.7166(3) 0.207l0(tl) 0.08882(9) 00281(4) 
C(18) 0.8937(3) 0.21262(10) 0.14215(9) 0.0278(4) 
C(19) 0.8605(3) 0.25962(9) 0.20527(9) 0.0224(3) 
----------- ------------------
Table 3. Bond lengths [A] and angles [0] for sma2. 
O(l}-C(I) 1.4297(18) CCI}-C(l4) 1.534(2) 
CCI}-C(8) 1.542(2) CCI}-C(2) 1.550(2) 
CC2rN(I) 1.4591 (\8) CC2}-C(3) 1.528(2) 
CC3}-C1(1) 1.7964(16) N(I}-C(4) 1347(2) 
CC4ro(2) 1.229(2) CC4}-C(S) 1.525(2) 
CCS}-C(6) 1.515(2) CC5}-C(7) 1.528(2) 
CC8}-C(9) 1.386(2) CC8}-C(13) 1.390(2) 
CC9}-C(10) 1.399(2) CCIOrC(lI) 1.374(3) 
CC 11 }-C(12) 1.382(2) CCI2}-C(13) 1.392(2) 
CCI4}-C(19) 1.387(2) C(l4 }-C(lS) 1.391(2) 
CCI5}-C(16) 1.392(2) CCI6}-C(l7) 1.385(3) 
CC 17}-C( 18) 1375(2) CCI8}-C(l9) 1.393(2) 
O(l}-C(I}-C(l4) 105.36(12) 0(1}-C(1}-C(8) 112.03(12) 
CCI4}-C(I}-C(8) 108.95(12) 0(1 }-C(I }-C(2) 109.24(12) 
CC 14}-C(I }-C(2) 111.58(12) CC8}-C(I }-C(2) 109.63(12) 
N(I}-C(2}-C(3) 109.52(12) N(I }-C(2}-C(1) 111.82(12) 
CC3}-C(2}-C(I) 1l1.l8(12) CC2}-C(3}-C\(I) 109.54(11) 
CC4rN(I}-C(2) 123.85(13) 0(2}-C(4rN(I ) 123.16(13) 
0(2}-C(4}-C(5) 122.1 1(14) N(I}-C(4}-C(5) 114.73(14) 
CC6}-C(5}-C(4) 111.09(14) CC6}-C(5}-C(7) 111.41(15) 
CC4}-C(5}-C(7) 109.24(14) CC9}-C(8}-C(13) 118.64(14) 
CC9}-C(8}-C(I ) 121.48(14) CCI3}-C(8}-C(I) 119.88(14) 
CC8}-C(9}-C(10) 120.20(16) CCII }-C(l0}-C(9) 120.6I{l6) 
CCI 0}-C(l1 }-C(12) 119.63(15) CCll}-C(l2}-C(13) 119.94(16) 
CC8}-C(l3}-C(12) 120.95(15) CCI9}-C(l4}-C(15) 118.17(14) 
CCI9}-C(14}-C(1 ) 123.12(13) CCI5}-C(l4}-C(I) 118.69(14) 
CCI4}-C(IS}-C(l6) 120.97(15) C(17}-C(16}-C(15) 120.06(15) 
CCI8}-C(17}-C(16) 119.41(15) CC17}-C(l8}-C(19) 120.51(16) 
CCI4}-C(19}-C(18) 120.84(15) 
Table 4. Anisotropic displacement parameter.; (A 2) for sma2. The anisotropic 
displacement factor exponent takes the form: _21t2[h2a*2U" + ... + 2hka*b*U12] 
U" lJ22 U33 lJ23 U·3 U12 
0(1) 0.0165(5) 00243(6) 0.0234(6) -0.0053(4) 0.0032(5) -0.0030(5) 
CO) 0.0152(7) 00185(7) 00178(7) -{) 0018(5) -{) 0003(6) -{) 0015(6) 
C(2) 0.0197(7) 0.0167(7) 0.0146(7) -0.0020(5) 0.0006(6) 0.0005(6) 
C(3) 0.0274(9) 00194(7) 0.0189(7) 0.0026(6) -0.0041(6) -{) 0012(6) 
CI(I) 0.0423(2) 0026\3(19) 0.02727(19) 0.00598(17) -{).00743(18) 0.00515(19) 
N(\) 0.0207(7) 0.0195(6) 0.0163(6) -00028(5) 0.0024(5) -0.0006(5) 
C(4) 0.0252(8) 00166(7) 0.0151(6) 0.0020(5) 0.0005(6) -0.0019(6) 
0(2) 00251(6) 0.0332(6) 0.0233(6) -{) 0079(5) 00047(5) -{).0067(5) 
C(S) 0.0285(9) 0.0199(7) 0.0200(7) -{).0030(6) 0.0055(7) -0.0043(7) 
C(6) 00436(11) 0.0422(10) 0.0263(8) -{).0134(8) -0.0065(9) 0.0042(9) 
C(7) 00584(14) 0.0301(10) 0.0441(11) -{) .0082(8) -{) 0104(10) 0.0\39(10) 
C(8) 0.0194(7) 0.0183(7) 0.0169(7) O.OOOO(S) -{).0036(6) -{).001l (6) 
C(9) 0.0251(9) 00241(8) 00221(7) 000\3(6) 00024(6) 0.0032(7) 
C(IO) 00353(10) 00213(8) 0.0267(8) -{).0005(6) -{) .0001 (7) 00062(7) 
C(1I) 0.0358(10) 0.0177(7) 0.0282(8) 0.0023(6) -{).0059(7) -0.0031(7) 
C(12) 0.0238(9) 0.0276(8) 0.0332(9) 0.0054(7) 0.0007(7) -0.0058(7) 
C(13) 0.0208(8) 0.0214(8) 0.0312(9) 0.0014(6) 0.0012(7) 0.0004(7) 
C(14) 0.0207(7) 0.0IS6(7) 0.0167(6) 0.0012(5) 0.0017(6) -{).0037(6) 
C(15) 0.0234(8) 00248(8) 0.0213(7) 00015(6) -00021(6) -0.0003(7) 
C(16) 0.0360(11) 00322(9) 0.0181(7) 0.0006(7) -{) .0046(7) -{).0086(8) 
C(17) 0.0372(10) 00280(8) 0.0191(7) -0.0059(7) 0.0067(7) -0.0070(8) 
C(18) 0.0260(9) 0.0278(8) 0.0294(8) -{) 0085(7) o 00S4(7) -{).002S(8) 
C(19) 0.0220(8) 0.0227(7) 0.0226(7) -{).0034(6) 0.0002(6) -0.0032(7) 
Table 5. Hydrogen coordinates and isotropic displacement parameters (A2) for sma2. 
x y z u 
H(I} 03175 03682 03407 0.032 
H(2) 0.9337 03304 03342 0.020 
H(3A) 0.6902 01093 03342 0.026 
H(3B) 0.5514 01448 0.4053 0.026 
H(IA} 0.5953 03912 04334 0.023 
H(5) 0.7346 0.4493 0.5401 0.027 
H(6A} 1.1456 0.4421 0.5742 0.056 
H(6B) 1.0263 0.5230 0.6029 0.056 
H(6C) 1.1955 0.5234 0.5306 0.056 
H(7A) 0.8666 0.5832 0.4503 0.066 
H(78) 0.7052 0.5888 0.5240 0.066 
H(7C} 0.6050 0.5436 0.4518 0.066 
H(9) 03425 0.4876 03078 0.029 
H(10) 0.4220 0.6195 01741 0033 
H(I\) 0.7676 0.6515 01078 0.033 
H(12) 1.0474 0.5524 0.1798 0.034 
H(13) 0.9737 0.4212 01153 0029 
H(15) 03261 03252 0.1669 0.028 
H(l6) 03834 01470 0.0608 0.035 
H(17) 0.7389 01744 00462 0.034 
H(18) 1.0398 0.1841 0.1359 0.033 
H(19) 0.9851 01634 01414 0.027 

